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Llevo cuatro años viviendo a contrarreloj y solo me quedan unos meses para llegar a la meta. En 
realidad, nunca he querido alcanzarla, ya que supone el final de un largo viaje que me ha regalado 
los mejores años de mi vida. Sin duda la vida consiste en eso, en ir abriendo caminos, que tarde o 
temprano se van cerrando, pero en cada parada siempre me llevo algo y de esta, en especial, me 
quedo con las personas que me han acompañado, y que, de una manera u otra, han marcado cada 
lugar y experiencia vivida en estos cuatro años. Por ello, y los que me conocen bien lo saben, no 
quisiera dejar pasar la oportunidad de ponerme un poco nostálgica y escribir aquí, desde mi azotea 
en Benimaclet, un pequeño álbum de recuerdos como agradecimiento a todas las personas que me 
han guiado en este viaje. 
En primer lugar, a mis directores, por confiar en mi para hacer la tesis, pero sobre todo, por dejarme 
formar parte de su equipo. A Miguel, gracias por tu dedicación, pragmatismo y optimismo, pero 
sobre todo por darme total libertad en la toma de decisiones y permitirme aprender de mis propios 
errores. A Noelia, por tu exigencia y compromiso en el trabajo para sacar lo mejor de mí. A mi 
compañera virtual de laboratorio, pero sobre todo amiga, Lorea. Gracias por tu apoyo técnico y 
moral, por tu clarividencia que ha hecho las decisiones difíciles mucho más fáciles. A Quique, por 
su predisposición para sacar adelante los experimentos cuando parecían imposibles. A Lara, por 
dedicarme su tiempo y resolver las dudas en estadística sin esperar nada a cambio. A la Dra. Paz 
Lavín, por su ayuda para analizar los datos del sector vacuno. Al Grupo de Investigación Lactiker, 
que de una manera u otra también ha aportado su granito de arena en esta tesis y, por último, al 
Centro de Investigación Lascaray, mi segunda casa durante todo este tiempo. 
Como todo viaje, este también ha tenido sus paradas (¡que no han sido pocas!), pero la más especial 
ha sido Valencia, y concretamente, el IATA. De esta casa no solo me llevo la experiencia laboral, 
sino un potencial humano muy grande. Aquí se merece una mención especial Lola, gracias por tu 
cariño y apoyo durante estos años, te llevo conmigo siempre. Isaac, mi paisano del norte, por 
acercar La Rioja a Valencia, por dejarme formar parte de la familia fallera. Andrea, por estar 
siempre disponible cuando he necesitado desahogarme, por su ayuda en el diseño y creación de 
todo tipo de contenido digital (¡gracias también a ti Samu!). Inma, por hacerme ver que no hay 
problema sin solución, por ser un ejemplo de valentía y lucha constante. Clarissa, por venir para 
quedarte y seguir ahí a pesar de la distancia. Carlos, por estar para reír, pero también para llorar 
(¡nos vamos a la verga!). Judit y Raquel, por escuchar mis miserias y alegrías y compartir tantos 
almuerzos conmigo. Laura y Alejandro, por haber vivido tantos momentos juntos, Marta, por todo 
su apoyo y experiencia. A Yaiza y Jannara, por ser el día y la noche, y Andrea, el punto de inflexión. 
Por todas nuestras conversaciones interminables divagando sobre nuestro futuro profesional. A las 
chicas del laboratorio de ecología microbiana por acogerme como una más en el grupo, gracias en 
especial a Mamen, Rebeca, Clara, Ana L y Marina. De la misma manera, al resto de personal del 
IATA: Javi, Jaime, Antonio, Nico, María, Laura, Enric, y a todos los chicxs de prácticas que han ido 
creciendo conmigo durante este tiempo (Alonso, Álvaro, Lydia, Eva y Marina). 
Y como no, gracias a todas las personas que tanto dentro como fuera del IATA me habéis 




i viure el moment, per transmetre'm tants valors i omplir-me l'agenda de plans, però, sobretot, per 
ser la millor companya de pis junt amb Paco, Miguel, Andreu i Xivi, i per suposat, Manu. Sois una 
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of University of Wroclaw. Thanks to all your colaborators for the friendly environment and the 
technical support received. I am especially gratefull to Karolina, not only for guiding me and 
sharing your knowledge about protein production, but also for being my greatest support in that 
time. Special thanks to Sylwia, my crazy girl and best party planner (together with Ambrosito) in 
her sweet Medina. Allí también estaban Manu y Marina, mi familia española en Polonia. Thank 
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siempre han estado ahí, mis amigos, pero sobre todo mi familia.  
Qué hubiese sido de mí sin esas pequeñas paradas de desconexión entre Ezcaray y El Bierzo y esos 
ratitos con la cuadrilla. Gracias por vuestra preocupación e interés durante este tiempo, en especial 
a Allende, Bárbara y Martita por obligarme a desconectar y darme fuerzas para llegar hasta el final 
(¡os debo muchos viajes, lo sé!). A Silvia, Alba, Betti y Tomás, por dejarme perder el norte alguna 
vez y entender que la perfección es mi peor virtud (¡lo que daría por salir llorando de un examen 
de la uni con vosotrxs otra vez!). A Ana y Óscar, porque escaparme a Edimburgo para resetear 
siempre era una buena opción. A Rosa, por dedicar tantas horas a entender el primer borrador de 
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eterno e incondicional, por todo vuestro amor y esfuerzo diario para darme siempre lo mejor. Todo 
lo que soy os lo debo a vosotros. A mi hermano Mario, por ser mi ejemplo a seguir (¡no me lo has 
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Doktorego-tesi hau Euskal Herriko Unibertsitateko (UPV/EHU) Lactiker Ikerketa Taldearen 
(animalia-jatorriko elikagaien kalitatea eta segurtasuna da honen jardueraren ardatza) eta 
Haragiaren eta Haragi-produktuen Biokimika Ikerketa Taldearen (Instituto de Agroquímica 
y Tecnología de los Alimentos, Consejo Superior de Investigaciones Científicas) arteko 
elkarlanean egin da. 
Doktorego-tesi honen helburu orokorra haragiaren azken kalitateaz arduratzen diren prozesu 
biokimikoak, hau da, behi-aziendaren muskulua haragi bihurtzean gertatzen direnak, 
ebaluatzea izan da, bereziki muskulu-proteomaren aldaketak eta post mortem apoptosia. 
Halaber, estrategia proteomiko eta entzima-saiakuntza desberdinen erabilgarritasuna 
frogatzea izan da, muskuluaren post mortem metabolismoari buruzko prozesu horiek zehazki 
aztertu ahal izateko. Prozesu horiek okela akastunak eragin ditzakete maneiu-praktiken 
ondorioz. Helburu horiek lortzeak elikadura-katean zehar kalitate handiko behi-okela 
baldintza jasangarrietan, kontsumitzaileak ekoizpen-praktiken ikuspegitik onartzen dituenak 
(animalien ongizatea eta ingurumen-kontserbazioa), ekoizteko ekintzak sustatzen lagunduko 
luke. 
Doktorego-tesi hau argi eta garbi bereizitako bi zatitan banatu da, muskulu-proteomaren 
aldaketak eta apoptosi-prozesuak aztertzeko erabilitako metodologiaren arabera. Hori dela 
eta, lehenengo blokeak proteina muskularrak aztertzeko hurbilketa proteomikoen garapena 
eta inplementazioa zein izan den azaltzen du, eta bigarrenak, berriz, hainbat maneiu-
baldintzapean ekoiztutako animalien muskuluan post mortem apoptosi-prozesuak 
ebaluatzeko saiakuntza entzimatikoak optimizatzeko eta erabiltzeko egindako lana azaltzen 
du. 
Proteomika oso tresna baliagarria bihurtu da okela akastunen agerpenarekin lotutako 
biomarkatzaile proteikoak identifikatzeko, hauek okela normalak baino azken pH handiagoa 
dutelako. Beraz, lehen helburu espezifikoa estrategia proteomikoak optimizatzea, garatzea eta 
inplementatzea izan zen, behi-haragiaren proteinei buruzko analisi zehatz eta osoa egiteko 
post mortem denbora goiztiarretan (24 ordu). Lehen helburu hori lortzeko, erabilitako 
metodologia analitikoak eboluzionatzen joan ziren, masen espektrometriara akoplatutako 
kromatografia likido teknika ohikoagoetatik (LC-MS), zeintzuk laginen aldez aurreko 
zatikapen-etapak erabiltzea eskatzen zuten, LC-MS estrategia sofistikatuagoetara, zeintzuk 
aldez aurreko zatikapenik gabe laginen analisi zuzena ahalbidetzen zuten. 
Lehenengo fase batean, proteinak ingurune likidoan zatikatzean (OFFGEL) oinarritutako 
analisi-estrategia garatu zen, proteinak lehenik gelean bereizita, eta ondoren, LC-MS bidez 
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identifikatuta. Honek azken pH normal eta altuak zituzten haragien bereizketa eta sub-
proteoma sarkoplasmikoa eta miofibrilarra modu bereizian aztertzea ahalbidetu zituen. 
Gelean oinarritutako proteinak bereizteko teknikak behi-okelaren proteoma aztertzeko oso 
erabiliak izan diren arren, hauen erabilera konbinatua, ingurune likidoan aurre-zatikatze 
metodo batekin, oraindik urria da. Era berean, azken pH altuko haragiak aztertzeko orain arte 
erabili diren ikuspegi gehienak proteina-aterakin osoaren analisian oinarritu dira, frakzio 
sarkoplasmikoa eta miofibrilarra bereizi gabe. Oro har, banatze-metodo hori baliagarria izan 
zen muskulu-proteina nagusiak (bai estraktu sarkoplasmikotik datozenak, bai miofibrilarretik 
datozenak) karakterizatzeko eta identifikatzeko. Proteina horiek azken pH normal eta altu bat 
duten haragiak bereizteko gai ziren, eta, beraz, mota horretako akatsen gertaera iragartzeko. 
Lortutako emaitzak onak izan arren, gelean oinarritutako proteinak bereizteko metodologiek 
muga garrantzitsuak dituzte, OFFGELaren aberastea zuzenean LC-MS analisiari egokituko 
balitzaio gaindi daitezkeenak. Hala ere, gelik gabeko hurbilketa honek LC-MS metodo sendo 
baten inplementazioa eskatzen zuen datu kualitatibo zein kuantitatiboak automatikoki 
prozesatzeko. Horregatik, doktorego-tesiaren lehen zati honen bigarren fase batean, gelik 
gabeko estrategia bat garatzea planteatu zen, zatikatze aurreko etapa batean oinarrituta 
(OFFGEL) eta LC-MS analisiari zuzenean erantsita, sub-proteoma sarkoplasmikoaren 
azterketa kualitatibo/kuantitatibo automatizatua egiteko. Honek, sub-proteoma 
sarkoplasmikoaren analisi kualitatiboak, aztertutako OFFGEL zatikietan zehar banatutako 47 
proteinen zalantzarik gabeko identifikazioa ahalbidetu zuen. Aitzitik, horien analisi 
kuantitatibo automatizatuaren inplementazioa konplexuagoa zela frogatu zen, hainbat 
balidazio-urrats behar izan baitziren. Lehen baliozkotzean konfiantza-atalase bat ezarri zen, 
modu automatikoan, zehatzean eta linealtasun-balioekin eta aldakuntza-koefiziente 
egokiekin ugaritasun ertain-altuko peptido proteotipikoak kuantifikatzeko. Horri esker, 
aztertutako OFFGEL zatikietan zehar banatutako 20 proteina sarkoplasmikoetatik sortutako 
41 peptido zenbatu ahal izan ziren, emaitzak analisi kualitatiboaren bidez aldez aurretik 
lortutakoekin aldera zitezkeelarik. Azterlan horren emaitzek agerian utzi zuten OFFGEL 
zatikapenaren eraginkortasuna, proteinak aberasteko eta ondoren kuantifikatzeko estrategia 
gisa, gelean oinarritutako estrategiarik erabili gabe. 
Hala ere, OFFGELaren aberaste-etapa laginaren prozesatzeari lotutako mugetatik salbuetsita 
dago, eta horrek ziurgabetasunak sortzen ditu peptidoen LC-MS bidezko kuantifikazioan. 
Beraz, erronka analitiko garrantzitsua da aurre-zatikatze etaparik egin gabe proteinen analisia 
sinplifikatzea ahalbidetuko duten LC-MS estrategia sentikorrak, sendoak eta espezifikoak 
ezartzea. Horregatik, doktorego-tesiaren lehen zati honen hirugarren fase batean, gelik 
gabeko metodologia bat garatzea eta ezartzea planteatu zen, OFFGELaren aurre-zatikapenik 
gabe LC-MS bidez laginak zuzenean aztertzeko. Helburu hori lortzeko, erreakzio selektiboen 
jarraipenean (ingelesezko Selected Reaction Monitoring edo SRM) oinarritutako estrategia 
kuantitatibo bat garatu zen, pH normal eta altudun haragiak bereizteko gai diren sub-
proteoma sarkoplasmikoko biomarkatzaile proteikoak kuantifikatzeko helburuarekin. Oro 
har, SRM bidez egindako analisi kuantitatiboan oinarritutako gelik eta aurretiazko zatikapen 
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gabeko estrategia proteomikoa baliagarria izan zen behi-okelaren muskulu-proteoman 
desberdintasun kuantitatiboak aztertzeko. Ildo horretan, 10 proteinak alde nabarmenak 
erakutsi zituzten entseatutako bi taldeen artean (haragiaren azken pH normala eta altua), eta 
batipat, azken pH balio altudun laginetan. Gainera, ikusi zen aurrez karakterizatutako eta 
azken pH altuko haragietan esklusibotzat jotako proteinak (gelezko bereizketan oinarritutako 
estrategian), pH normaldun hainbat laginetan ere ikusi zirela nahiz eta oso ugaritasun txikian. 
Horrek agerian uzten du SRM analisiaren erabilgarritasuna, aurretik erabilitako beste 
kuantifikazio-aukera batzuekin alderatuta. Proteina disolbagarrien estraktuen zuzeneko 
analisiaren bidez lortutako emaitzen kalitate handiagoa, efizientzia handiagoa eta beharrezko 
eskulan txikiagoarekin batera, haragiaren kalitateari buruzko ohiko ikerketa-azterlanetan 
metodologia hori ezartzeko aukera erakutsi zen. 
Garatutako hurbilketa proteomikoa alde batera utzita, interesgarria da azpimarratzea azken 
pH altudun haragietan animalien estresari lotuta asko aztertu diren talka termikoko hainbat 
proteina (ingeleseko Heat Shock Proteins edo HSP) hauteman zirela. Aurkikuntza interesgarri 
hau, programatutako heriotza zelularraren edo apoptosiaren prozesua kontsideratuz uler 
daiteke, hau da, HSPek betetzen duten paper anti-apoptotikoa ulertuta. Prozesu horren 
aktibazioa (kaspasa izeneko entzima batzuen bidez) hasierako estimuluaren izaeraren 
araberakoa da, eta estresa da faktore garrantzitsuenetako bat. Nahiz eta ikerketa asko 
apoptosiaren azterketan eta honek haragiaren heltze-prozesuan duen eraginean oinarritu 
diren, aurretiko lan horiek ez diote heldu animalien metabolismoan eragina duten hil aurreko 
faktoreen eta muskulu eskeletikoaren hil osteko apoptosiaren arteko balizko erlazioari. 
Horregatik, doktorego-tesi honen bigarren zatian, bigarren eta hirugarren helburu 
espezifikoak proposatu ziren: alde batetik, entzima-saiakuntza bat optimizatzea eta erabiltzea 
muskulu eskeletikoan 3/7 kaspasen jarduera neurtzeko, eta, bestetik, animalien maneiu-
praktikek muskuluko apoptosi-prozesuan duten eragina aztertzea hil osteko denbora 
goiztiarretan. 
Honetarako, fluoroforo baten askapen entzimatikoan oinarritutako saiakuntza fluorogeniko 
bat optimizatu zen 3/7 kaspasaen jarduera muskulu-estraktuetan neurtzeko substratu 
espezifiko batetik abiatuta. Estraktuok entzima horien kontzentrazio txikia dute. Oro har, 
baldintza instrumental eta erreakzio optimizatuei esker eta jarduera-maila edozein izanda ere, 
3/7 kaspasen jarduera neurtu ahal izan zen muskulu-estraktu askotan erreproduzigarritasun 
altuarekin. Gainera, kit komertzial batekin alderatu zen optimizatutako saiakuntza eta 
linealtasun-emaitza hobeak lortu ziren, bereziki jarduera baxua zuten laginetan. 
Azkenik, saiakuntza optimizatua erabili zen 3/7 eta 9 kaspasen jarduera neurtzeko eta maneiu-
faktore desberdinek (ekoizpen-sistema eta garraio/ukuiluratze baldintzak) hil osteko denbora 
goiztiarretan (2, 8 eta 24 ordu), estatuko hiru behi-arrazetatik (‘Asturiana de los Valles’, 
‘Retinta’ eta ‘Rubia Gallega’) eratorritako muskuluaren ezaugarri biokimikoetan duten 
eragina aztertzeko. Lortutako emaitzetatik abiatuta, ikusi zen bi kaspasek post mortem 
denboran zehar izandako jarduera neurri handi batean arrazaren eta garraio/ukuiluratze-
baldintzen araberakoa zela, ekoizpen-sistemaren eragina nabarmen txikiagoa izan zen 
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bitartean. Arrazaren eragina aztertzean, bi kaspasen portaera desberdina ikusi zen denboran 
zehar ‘Rubia Gallega’ arrazan ‘Asturiana de los Montes’ eta ‘Retinta’ arrazekin alderatuta. Bi 
kaspasen jarduerak post mortem denboran zehar ‘Rubia Gallega’ arrazan murrizten joan ziren 
bitartean, ‘Asturiana de los Valles’ eta ‘Retinta’ arrazetan aldiz jarduerak handitzen joan ziren. 
Gertaera hau, HSPek estres egoeretan betetzen duten paper anti-apoptotikoa kontuan hartuz 
azal daiteke, hauek kaspasekin elkarreragiten baitute beraien funtzioa blokeatuz, eta beraz, 
programatutako heriotza zelularraren prozesua mantsotuz. Garraio/ukuiluratze-baldintzen 
efektuari dagokionez, ‘Asturiana de los Valles’ eta ‘Retinta’ arrazek antzera jokatu zuten 
(patroi gorakorra denborarekin) eta ez zuten alderik izan nahastutako eta nahastu gabeko 
animalien artean. Aldiz, oso patroi desberdina ikusi zen ‘Rubia Gallega’ arrazan; nahasi 
gabeko animaliek beheranzko jarduera-eredua izan zuten denboran zehar eta nahasitako 
animaliek, berriz, hil ondorengo 8 orduetan lortu zituzten jarduerarik handienak, eta gero 
gutxitu egin ziren. Animalia ezezagunen nahasketa faktore estresagarrienetako bat dela 
kontuan hartuta, honek HSPen sintesia eragin lezake eta apoptosia denboran zehar atzeratu. 
Oro har, 3/7 eta 9 kaspasen jarduera-neurriari esker, arrazak bereizi ahal izan ziren hil 
ondorengo 2 eta 24 orduetan, bereziki desberdin jokatu zuten arrazak (‘Rubia Gallega’ vs 
‘Asturiana de los Valles’ eta ‘Retinta’). Gainera, animalia maneiua diskriminatzeko gaitasun 
hobea erakutsi zuen 9 kaspasak hil ondorengo 24 orduetan, 3/7 kaspasak baino. Horrek 
adieraziko luke erabilgarriagoa dela, adierazle gisa, maneiu faktoreek eragindako aldeak 
detektatzeko, hala nola arrazan eta garraio/ukuiluratze-baldintzek okelaren azken kalitatean 
eragin handia baitute. 
Hainbat arrazatan 3/7 eta 9 kaspasen jardueran (bereziki hil ondorengo 24 orduetan) maneiu-
faktoreek (ekoizpen eta garraio/ukuiluratze-baldintzek) duten eragina aztertu ondoren, hiru 
arraza horietatik lortutako pH normal eta altudun laginak bereizteko entzima-saiakuntzek 
duten gaitasuna ebaluatzea planteatu zen (‘Asturiana de los Valles’, ‘Retinta’ eta ‘Rubia 
Gallega’) eta baita animalia gurutzatuetan. Oro har, arrazak eta azken pHak eragina izan 
zuten bi kaspasen jardueran. Arrazak 9 kaspasaren jardueran duen eraginari dagokionez eta 
aurreko esperimentuan ikusi den bezala, azterlan honen emaitzek agerian utzi zuten 
‘Asturiana de los Valles’ eta ‘Retinta’ arrazek hil osteko 24 orduetan kaspasa honen jarduera 
handiagoa zutela, ‘Rubia Gallega’ arrazarekin alderatuta. 3/7 kaspasari dagokionez, berriz ere, 
alde nabarmenak hauteman ziren arrazen artean, baina desberdintasun horiek aztertutako 
azken pHaren araberakoak izan ziren. Interesgarria da nabarmentzea gurutzatutako 
animaliek jarduera-mailarik baxuenak erakutsi zituztela bi kaspasetan aztertutako pH balio-
taldea edozein izanda ere, eta horrek zerikusia izan lezake animalia horien estresarekiko 
erresilientzia handiagoarekin. Haragiaren azken pHaren efektuari dagokionez, pH altudun 
haragi laginek bi kaspasen jarduera handiagoa erakutsi zuten pH normaldun laginekin 
alderatuta. Arestian esandako moduan, hau estres-egoeraren araberako HSPen sintesiarekin 
lotuta egon liteke, horrek hil osteko apoptosi-prozesua atzeratuz. Emaitza horiek berresten 
dute 3/7 eta 9 kaspasen jarduerak adierazle onak izan daitezkeela hil osteko lehen 24 orduetan 
azken pH normal eta altudun muskuluak bereizteko. Hala ere, arrazen arteko 
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ezberdintasunek ikerketan sakontzen jarraitu beharra adierazten dute, arraza bakoitzaren 
portaerak kaspasen jardueran nola eragin dezakeen ulertzeko. 
Ondorioz, doktorego-tesi honetan lortutako emaitzek berresten dute garatutako tresna 
proteomikoak eta entzima-saiakuntzak baliagarriak direla muskulua haragi bihurtzean 
gertatzen diren proteoma-aldaketak eta apoptosi-prozesuak zehaztasunez ebaluatzeko, eta 
animalien maneiu-praktiken eragina ulertzeko. Tresna hauei esker, pH normal eta altudun 
haragiak bereizi ahal izan dira, eta beraz, behi-aziendan horrelako akatsek duten eragina 
aurreikus daiteke. Era berean, lortutako emaitzek datu-base zehatzagoak sortzen lagun 
dezakete, haragiaren ezaugarri biokimikoak, maneiu-praktikak eta haragiaren kalitate-
parametroak erlazionatzeko eta aurrerantzean maneiu-praktika jasangarriagoekin 




La presente Tesis Doctoral se ha realizado en colaboración entre el Grupo de Investigación 
multidisciplinar Lactiker de la Universidad del País Vasco (UPV/EHU) cuya actividad está 
centrada en la Calidad y Seguridad Alimentaria de los Alimentos de Origen Animal, y el 
Grupo de Investigación de Bioquímica de la Carne y Productos Cárnicos del Instituto de 
Agroquímica y Tecnología de los Alimentos del Consejo Superior de Investigaciones 
Científicas cuya actividad investigadora está centrada en el estudio de los mecanismos 
bioquímicos responsables de la transformación del músculo en carne. 
El objetivo general de esta Tesis Doctoral ha sido evaluar los procesos bioquímicos 
responsables de la calidad final de la carne que tienen lugar en el músculo del ganado vacuno 
durante la transformación del mismo en carne, en particular, los cambios en el proteoma 
muscular y la apoptosis post mortem. También ha sido el demostrar la utilidad de diferentes 
estrategias proteómicas y ensayos enzimáticos para poder estudiar de manera precisa estos 
procesos sobre el metabolismo post mortem del músculo que pueden dar lugar a carnes 
defectuosas como resultado de las prácticas de manejo. La consecución de estos objetivos 
contribuiría a promover acciones a lo largo de la cadena alimentaria para la producción de 
carne de vacuno de alta calidad en condiciones sostenibles y que, al mismo tiempo, sea 
aceptada por el consumidor desde el punto de vista de las prácticas de producción (bienestar 
animal y conservación medioambiental).  
Esta Tesis Doctoral se ha dividido en dos bloques claramente diferenciados en función de la 
metodología utilizada para estudiar los cambios en el proteoma muscular y los procesos de 
apoptosis. Por ello, el primer bloque expone lo que ha sido el desarrollo e implementación de 
diferentes aproximaciones proteómicas para el estudio de las proteínas musculares, mientras 
que el segundo expone el trabajo desarrollado en la optimización y utilización de ensayos 
enzimáticos para evaluar los procesos de apoptosis post mortem en el músculo bajo diferentes 
sistemas de manejo. 
La proteómica se ha convertido en una herramienta muy útil para identificar biomarcadores 
proteicos relacionados con la aparición de carnes defectuosas, caracterizadas por tener un pHu 
más elevado que la carne normal. Por lo tanto, el primer objetivo específico fue optimizar, 
desarrollar e implementar estrategias proteómicas para un análisis preciso, detallado y 
completo de las proteínas de la carne de vacuno a tiempos post mortem tempranos (24 horas). 
Para conseguir este primer objetivo, las metodologías analíticas utilizadas fueron 
evolucionando desde técnicas de cromatografía líquida acoplada a espectrometría de masas 
(LC-MS) más convencionales, que requerían del empleo de etapas de fraccionamiento previo 
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de las muestras, hasta estrategias LC-MS más sofisticadas que permitían un análisis directo de 
las muestras sin necesidad de fraccionamiento previo.  
En una primera etapa se desarrolló una estrategia de análisis basada en el pre-fraccionamiento 
de proteínas en medio líquido (OFFGEL) combinado con la separación de las mismas en gel y 
posterior identificación por LC-MS para discriminar entre carnes de pHu normal y pHu 
elevado mediante el estudio separado del sub-proteoma sarcoplásmico y miofibrilar. Aunque 
las técnicas de separación de proteínas basadas en gel han sido ampliamente utilizadas para 
estudiar el proteoma de la carne de vacuno, el uso combinado de éstas con un método de pre-
fraccionamiento en medio líquido es todavía escaso. Asimismo, la mayoría de enfoques 
utilizados hasta el momento para el estudio de las carnes de pHu elevado se han basado en el 
análisis del extracto de proteína total, sin distinguir entre la fracción sarcoplásmica y 
miofibrilar. En general, este método de separación demostró ser útil para caracterizar e 
identificar las principales proteínas musculares (tanto las procedentes del extracto 
sarcoplásmico como del miofibrilar) capaces de discriminar entre carnes con un pHu normal 
y elevado, y por tanto, predecir la ocurrencia de este tipo de defecto.  
A pesar de los buenos resultados obtenidos, las metodologías de separación de proteínas 
basadas en gel presentan limitaciones importantes que podrían superarse si el 
enriquecimiento OFFGEL se acoplara directamente al análisis LC-MS. Sin embargo, esta 
aproximación libre de gel necesitaba implementar un método LC-MS robusto para el 
procesamiento automatizado de datos, tanto cualitativos como cuantitativos. Por este motivo, 
en una segunda etapa de esta primera parte de la Tesis Doctoral se planteó el desarrollar una 
estrategia libre de geles basada en una etapa de pre-fraccionamiento OFFGEL directamente 
acoplado al análisis LC-MS para el estudio cualitativo/cuantitativo automatizado del sub-
proteoma sarcoplásmico. A este respecto, el análisis cualitativo del sub-proteoma 
sarcoplásmico permitió la identificación inequívoca de 47 proteínas distribuidas a lo largo de 
las fracciones OFFGEL estudiadas. Por el contrario, la implementación del análisis 
cuantitativo automatizado de las mismas demostró ser más compleja, ya que requirió de 
diferentes pasos de validación. En una primera validación se estableció un umbral de 
confianza para cuantificar de manera automática, precisa y con valores de linealidad y 
coeficientes de variación satisfactorios los péptidos proteotípicos de abundancia intermedia-
alta. Esto permitió la cuantificación de hasta 41 péptidos procedentes de 20 proteínas 
sarcoplásmicas distribuidas a lo largo de las fracciones OFFGEL estudiadas, siendo los 
resultados comparables a los obtenidos previamente mediante el análisis cualitativo. Los 
resultados de este estudio pusieron de manifiesto la eficacia del fraccionamiento OFFGEL 
como estrategia de enriquecimiento de proteínas y posterior cuantificación de las mismas sin 
hacer uso de estrategias basadas en gel.  
Sin embargo, la etapa de enriquecimiento OFFGEL tampoco está exenta de limitaciones 
asociadas al procesamiento de la muestra, lo que introduce incertidumbres en la cuantificación 
de péptidos mediante la metodología LC-MS. Es por tanto un reto analítico importante el 
implementar estrategias LC-MS dirigidas sensibles, robustas y específicas que permitan 
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simplificar el análisis de proteínas sin necesidad de realizar etapas de pre-fraccionamiento. 
Por ello, en una tercera etapa de esta primera parte de la Tesis Doctoral se planteó el desarrollo 
e implementación de una metodología libre de gel y, además, sin necesidad de pre-
fraccionamiento OFFGEL que permitiera el análisis directo de las muestras por LC-MS. Para 
la consecución de este objetivo se desarrolló una estrategia cuantitativa basada en el 
seguimiento de reacciones selectivas (del inglés “Selected Reaction Monitoring” o SRM) con el 
objetivo de cuantificar biomarcadores proteicos del sub-proteoma sarcoplásmico capaces de 
discriminar entre carnes de pH normal y elevado. En general, la estrategia proteómica libre 
de gel y de fraccionamiento previo basada en el análisis cuantitativo dirigido por SRM 
demostró ser útil para estudiar diferencias cuantitativas en el proteoma muscular de carne de 
vacuno. En este sentido, hasta 17 péptidos de 10 proteínas mostraron diferencias significativas 
entre los dos grupos ensayados (carne de pHu normal y elevado) con valores generalmente 
más altos en las muestras de pHu elevado. Además, se observó que proteínas previamente 
caracterizadas y consideradas exclusivas de las carnes de pHu elevado en base a la estrategia 
basada en la separación en gel, ahora se observaron en varias muestras de carne de pHu 
normal, aunque en una abundancia muy baja. Esto evidencia la utilidad del análisis SRM en 
comparación con otras alternativas de cuantificación utilizadas anteriormente. La mayor 
calidad de los resultados obtenidos por el análisis directo de extractos de proteínas solubles, 
unido a la mayor eficiencia y menor trabajo manual, demuestra la posibilidad de implementar 
esta metodología en estudios de investigación de rutina sobre la calidad de la carne.  
Independientemente de la aproximación proteómica desarrollada, es interesante resaltar que 
en las carnes de pHu elevado se observó una mayor abundancia de varias proteínas de choque 
térmico (del inglés “Heat Shock Proteins” o HSPs) que han sido ampliamente estudiadas en 
relación al estrés. Este interesante hallazgo puede entenderse considerando el proceso de 
apoptosis o muerte celular programada, en el cual se ha descrito el papel anti-apoptótico que 
ejercen las HSPs. La activación de este proceso (por medio de la acción de unas enzimas 
denominadas caspasas) depende de la naturaleza del estímulo inicial, siendo el estrés uno de 
los factores más relevantes. A pesar de que muchas investigaciones se han centrado en el 
estudio de la apoptosis y su influencia en el proceso de maduración de la carne, estos trabajos 
previos no han abordado la posible relación entre los factores ante mortem que influyen en el 
metabolismo animal y la apoptosis post mortem del músculo esquelético. Por ello, en el 
segundo bloque de esta Tesis Doctoral se propusieron el segundo y el tercer objetivo específico 
que consistieron, por un lado, en la optimización y utilización de un ensayo enzimático para 
medir la actividad de las caspasas 3/7 en el músculo esquelético, y por otro, en estudiar el 
efecto de las prácticas de manejo animal sobre el proceso de apoptosis en el músculo a 
diferentes tiempos post mortem.  
Para ello, se llevó a cabo la optimización de un ensayo fluorogénico basado en la liberación 
enzimática de un fluoróforo a partir de un sustrato específico para la medida de la actividad 
caspasa 3/7 en extractos musculares, caracterizados por presentar una baja concentración de 
estas enzimas. En general, las condiciones instrumentales y de reacción optimizadas 
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permitieron la medida de la actividad caspasa 3/7 en un gran número de extractos musculares 
con una alta reproducibilidad independientemente de su nivel de actividad. Además, en el 
estudio comparativo del ensayo optimizado con un kit comercial se obtuvieron mejores 
resultados de linealidad para la metodología optimizada en el laboratorio, especialmente en 
aquellas muestras que presentaron una actividad más baja.  
Por último, se empleó el ensayo optimizado para medir la actividad de las caspasas 3/7 y 9 y 
estudiar la influencia de diferentes factores de manejo (sistema de producción y condiciones 
de transporte/estabulación) en las características bioquímicas del músculo en tres razas 
bovinas españolas (Asturiana de los Valles, Retinta y Rubia Gallega) a tres tiempos post mortem 
(2, 8 y 24 horas). A partir de los resultados obtenidos se observó que la actividad de ambas 
caspasas a lo largo del tiempo post mortem dependía en gran medida de la raza y las 
condiciones de transporte/estabulación, mientras que el efecto del sistema de producción fue 
notablemente menor. Al estudiar el efecto de la raza, se observó un comportamiento diferente 
de ambas caspasas a lo largo del tiempo en la raza Rubia Gallega con respecto a las razas 
Asturiana de los Valles y Retinta. Mientras que las actividades de ambas caspasas fueron 
disminuyendo con el tiempo post mortem en la raza Rubia Gallega, las actividades de las razas 
Asturiana de los Valles y Retinta, sin embargo, fueron en aumento. Este hecho podría 
explicarse considerando el papel anti-apoptótico que ejercen las HSPs bajo situaciones de 
estrés, las cuales interaccionan con las caspasas bloqueando su función, y por tanto, 
ralentizando el proceso de muerte celular programada. En relación al efecto de las condiciones 
de transporte/estabulación, las razas Asturiana de los Valles y Retinta se comportaron de 
manera similar (patrón creciente con el tiempo) y sin diferencias entre animales mezclados y 
no mezclados; en cambio, se observó un patrón muy diferente en la raza Rubia Gallega. En 
esta última raza, los animales no mezclados mostraron un patrón de actividad decreciente a 
lo largo del tiempo, mientras que los animales mezclados alcanzaron las actividades más altas 
a las 8 horas post mortem y luego disminuyeron. Teniendo en cuenta que la mezcla de animales 
desconocidos es uno de los factores más estresantes para el animal, este hecho podría inducir 
la síntesis de HSPs y retrasar la apoptosis a lo largo del tiempo. En general, la medida de 
actividad de las caspasas 3/7 y 9 permitió discriminar entre razas a las 2 y 24 horas post mortem, 
especialmente entre las razas que se comportaron de manera diferente (Rubia Gallega vs 
Asturiana de los Valles y Retinta). Además, la mejor capacidad discriminante de la actividad 
de la caspasa 9 en comparación con la de la caspasa 3/7 a las 24 horas post mortem indicaría su 
uso preferible como indicador para detectar diferencias en los factores de manejo como la raza 
y el transporte/estabulación, los cuales tienen gran influencia en la calidad final de la carne. 
Una vez estudiado el efecto de los factores de manejo (sistema de producción y 
transporte/estabulación) en la actividad de las caspasas 3/7 y 9 (especialmente a las 24 horas 
post mortem) en varias razas, se planteó evaluar la capacidad de los ensayos enzimáticos para 
discriminar entre muestras normales y de pHu elevado obtenidas de las mismas tres razas 
(Asturiana de los Valles, Retinta y Rubia Gallega), así como de animales cruzados a las 24 h 
post mortem. En general, la actividad de ambas caspasas se vio afectada por la raza y el pHu. 
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Con respecto al efecto de la raza sobre la actividad de la caspasa 9, los resultados de este 
estudio pusieron de manifiesto que las razas Asturiana de los Valles y Retinta presentaban 
una actividad caspasa 9 mayor a las 24 h post mortem en comparación con la raza Rubia 
Gallega. Sin embargo, con respecto a la caspasa 3/7, nuevamente, se observaron diferencias 
significativas entre razas, aunque estas diferencias dependieron del grupo de pHu estudiado. 
Es interesante resaltar que los animales cruzados mostraron los niveles más bajos de actividad, 
tanto de la caspasa 3/7 como de la 9 independientemente del grupo de pHu estudiado, lo que 
podría estar relacionado con una mayor resiliencia al estrés por parte de estos animales. Con 
respecto al efecto del pHu, las muestras de carne de pHu elevado mostraron una mayor 
actividad de la caspasas 3/7 y 9 en comparación con las muestras de pHu normal, lo cual 
podría estar asociado con la síntesis de HSPs bajo situaciones de estrés, retrasando de este 
modo el proceso de apoptosis en el periodo post mortem. Estos resultados confirman que la 
medida de las actividades de las caspasas 3/7 y 9 pueden ser buenos indicadores para 
discriminar entre carnes de pHu normal y elevado a las 24 horas post mortem. Sin embargo, las 
diferencias entre las razas indican la necesidad de seguir profundizando en la investigación 
para entender cómo puede afectar el comportamiento de cada raza a la actividad caspasa.  
En conclusión, los resultados obtenidos en esta Tesis Doctoral confirman que las herramientas 
proteómicas y los ensayos enzimáticos desarrollados han demostrado ser útiles para evaluar 
con precisión los cambios en el proteoma y los procesos de apoptosis que tienen lugar durante 
la conversión de músculo en carne y que se ven afectados por las prácticas de manejo. Estas 
herramientas también han permitido discriminar entre carnes de pH normal y elevado, 
pudiendo predecir así la incidencia de este tipo de defectos en el ganado vacuno. Asimismo, 
los resultados obtenidos pueden contribuir a la creación de bases de datos más precisas para 
relacionar las características bioquímicas de la carne, las prácticas de manejo y los parámetros 
de calidad de la carne final con el objetivo de promover la producción de carnes de alta calidad 






This Ph. D. Thesis has been conducted in collaboration between Lactiker Research Group at 
the University of the Basque Country (UPV/EHU), which is dedicated to perform 
multidisciplinary research in the field of Quality and Safety of Food from Animal Origin, and 
Biochemistry of Meat and Meat Products Research Group at the Institute of Agrochemistry 
and Food Technology of the Spanish Reasearch Council (CSIC), which is focused on the study 
of the biochemical mechanisms responsible for the conversion of muscle to meat. 
The main objective of this Ph. D. Thesis was to evaluate the biochemical processes taking place 
in bovine muscle during the conversion of muscle to meat and responsible for the final meat 
quality attributes, specifically changes in the muscle proteome and post mortem apoptosis 
processes. It has also been probed the usefulness of different proteomic approaches and 
enzymatic assays to accurately monitor these processes in the post mortem muscle metabolism 
that can lead to defective meats as a result of handling practices. This understanding would 
help to promote actions throughout beef production chain to obtain high quality meats under 
more sustainable production systems and that simultaneously influences consumer´s final 
decision on product selection in terms of good production practices (i.e., animal welfare and 
protection of the environment).  
This Ph. D. Thesis was divided in two clearly differentiated parts based on the methodology 
used to study changes in the muscle proteome and apoptosis processes. Therefore, the first 
part was the development and implementation of different proteomic approaches for the 
study of muscle proteins, while the second was the optimization and use of enzymatic assays 
to evaluate post mortem apoptosis processes in muscle under different management practices.  
Proteomics has become a powerful tool to unveil reliable protein biomarkers related to the 
appearance of defective meats, characterized by having higher pHu than normal meat. Thus, 
the first specific objective was to optimise, develop and implement new proteomic approaches 
to achieve an accurate, detailed and complete analysis of bovine proteins at early post mortem 
times (24 h). To address this objective, the analytical methodologies used evolved from 
conventional liquid chromatographic coupled to mass spectrometry (LC-MS) techniques, 
which required the use of previous fractionation steps of the samples, to sophisticated LC-MS 
strategies that allowed direct analysis of samples without prior fractionation.  
First of all, a proteomic strategy based on liquid isoelectric focusing pre-fractionation 
(OFFGEL) of proteins combined with their separation in gel and subsequent identification by 
LC-MS was applied to discriminate between normal and high pHu meats studying the 
sarcoplasmic and myofibrillar sub-proteomes. Although gel-based approaches have been 
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widely used for the study of muscle sub-proteome of beef cattle, their combination with liquid 
pre-fractionation methods are still limited. Meanwhile, most proteomic approaches 
addressing high pHu meats in beef cattle are based on the study of total protein extracts and 
do not differentiate between sarcoplasmic and myofibrillar sub-proteomes. In general, this 
separation method proved to be useful to characterize and identify the main muscle proteins 
(both those from sarcoplasmic and myofibrillar extract) capable to discriminate between 
normal and high pHu meats, and thus, predict the occurrence of this type of defective meats. 
Despite the good results obtained, gel-based approaches still have significant limitations that 
could be overcome if OFFGEL enrichment were directly coupled to LC-MS analysis. However, 
this gel-free approach needed the implementation of a robust LC-MS method for automated 
qualitative and quantitative data processing. For this reason, in a second step, it was proposed 
the development of a gel-free strategy supported by OFFGEL pre-fractionation directly 
hyphenated to LC-MS analysis addressing automated qualitative/quantitative research in 
sarcoplasmic proteome. In this regard, the qualitative analysis of the sarcoplasmic sub-
proteome allowed the unequivocal identification of 47 proteins distributed throughout the 
studied OFFGEL fractions. In contrast, the implementation of an automated quantitative 
analysis was more complex since it required different validation steps. In a first validation, a 
confidence threshold was established to automatically and accurately quantify intermediate-
high abundant proteotypic peptides with satisfactory linearity values and coefficients of 
variation. This allowed the quantification of up to 41 peptides from 20 sarcoplasmic proteins 
distributed throughout the studied OFFGEL fractions, being these results comparable to those 
previously obtained by qualitative analysis. The obtained results showed the efficacy of 
OFFGEL fractionation as a protein enrichment strategy as well as quantification tool without 
using gel-based strategies.  
However, the OFFGEL enrichment still have some constraints associated with sample 
processing which introduces uncertainties to the quantification of peptides using LC-MS 
methodology. It was therefore a major analytical challenge to implement sensitive, robust and 
specific targeted LC-MS strategies allowing a clear protein analysis without using pre-
fractionation steps. Therefore, in a third step of this first part, the development and 
implementation of a gel-free methodology was proposed without a OFFGEL pre-fractionation 
step, which allowed the direct analysis of the samples, by LC-MS. To achieve this, a 
quantitative strategy based on selected reaction monitoring (SRM) was developed aiming at 
quantifying protein biomarkers of sarcoplasmic sub-proteome capable to discriminate among 
normal and high pHu meats. Overall, the gel-free proteomic strategy without pre-fractionation 
and based on SRM quantitative analysis proved to be useful to study quantitative differences 
in the bovine muscle proteome. In this sense, 17 peptides from 10 proteins showed significant 
differences between the two assayed groups (normal and high pHu meats) with generally 
higher values in high pHu compared to normal samples. Interestingly, it was observed that 
proteins previously characterised and considered exclusive of high pHu meats following the 
gel-based approach were now observed in low abundance in some normal pHu samples. This 
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indicates the usefulness of SRM analysis compared to less specific LC-MS untargeted 
alternatives previously used. The higher quality of the results obtained by the direct analysis 
of soluble protein extracts, together with the higher efficiency and less manual work, 
demonstrates the possibility to implement this methodology in routine meat quality research 
studies. 
Independently of the used methodology, it is worth noting that the study of sarcoplasmic sub-
proteome revealed the overabundance of several heat shock proteins (HSPs) in the high pHu 
group, which have been widely studied in relation to stress. This interesting finding can be 
understood considering the apoptosis or programmed cell death process, in which the anti-
apoptotic role exerted by HSPs has been described. Triggering of this process (through the 
action of enzymes called caspases) depends on the nature of the initial stimulus, being stress 
one of the most relevant factors. Even though many researches have focused on the study of 
apoptosis and its influence on meat tenderization, these studies have not addressed the 
possible relationship between ante mortem factors influencing animal metabolism and post 
mortem apoptosis. Therefore, in the second part of the present Ph.D. Thesis, the second and 
third specific objectives were (1) the optimization and use of an enzymatic assay to measure 
the activity of caspases 3/7 in the skeletal muscle; and (2) the study of animal handling 
practices on the apoptosis process in bovine muscle at different post mortem times.  
The optimization of a fluorogenic assay based on the enzymatic release of a fluorophore from 
a specific substrate was carried out for the measurement of caspase 3/7 activity in muscle 
extracts characterized by a low concentration of these enzymes. Overall, the optimized 
instrumental and reaction conditions allowed the measurement of caspase 3/7 activity in a 
large number of muscle samples with high reproducibility independently of their enzymatic 
activity level. Furthermore, comparison with a commercial kit showed that better linearity 
results were achieved for the optimised method compared to the commercial kit, especially in 
samples with low caspase activity. 
Finally, caspase 3/7 and 9 activities were measured using the optimized assay and the 
influence of different management practices (production system and transport/lairage 
conditions) on the biochemical muscle characteristics of three Spanish local breeds (Asturiana 
de los Valles, Retinta and Rubia Gallega) at three post mortem times (2, 8 and 24 hours) were 
studied. It was observed that the activity of both caspases over post mortem time greatly 
depended on breed and the transport/lairage conditions, while the effect of the production 
system was small. Looking at breed effect, different behaviour of both caspases over time was 
observed in Rubia Gallega breed compared to Asturiana de los Valles and Retinta breeds. 
While both caspase activities decreased over time in Rubia Gallega breed, they increased in 
Asturiana de los Valles and Retinta breeds. This fact could be explained considering the anti-
apoptotic role exerted by HSPs, which interact with active caspases under stressful conditions 
hindering their function and, consequently, slowing down the programmed cell death 
process. In relation to the effect of transport/lairage conditions, Asturiana de los Valles and 
Summary 
xiv 
Retinta breeds behaved similarly (increasing pattern over time) and with no differences 
between mixed and non-mixed animals, however, a very different pattern was observed in 
Rubia Gallega breed. In this breed, non-mixed animals showed a decreasing activity pattern 
over time, while mixed animals reached the highest caspase activity at 8 h post mortem and 
then decreased. Taking into account that mixing unfamiliar animals prior to slaughter is one 
of the most stressful events, this fact could induce the synthesis of HSPs that might delay 
apoptosis process over post mortem time. Overall, caspase activity determinations were able to 
discriminate among breeds at 2 and 24 h post mortem times, especially among those breeds 
behaving differently (Rubia Gallega vs Asturina de los Valles and Retinta). Additionally, the 
better discriminant capacity of caspase 9 activity compared to caspase 3/7 at 24 h post mortem 
would indicate its preferable use as an indicator to detect factors such as breed and 
transport/lairage influencing meat quality characteristics. 
After studying the effect of management practices (production systems and transport/lairage 
conditions) on the activity of caspases 3/7 and 9 (especially at 24 hours post mortem) in several 
breeds, the discriminant capacity of enzymatic assay was evaluated to distinguish between 
normal and high pH samples obtained from the same three breeds (Asturiana de los Valles, 
Retinta and Rubia Gallega), as well as crossbred animals at 24 h post mortem. In general, the 
activity of both caspases was affected by breed and pHu. Regarding the effect of breed on 
caspase 9 activity, it was demonstrated that Asturiana de los Valles and Retinta breeds showed 
higher levels at 24 h post mortem compared to Rubia Gallega breed. Looking at caspase 3/7 
activity, again, differences were observed between breeds, but these differences depended on 
the studied pHu group. It is of interest to note that crossbred animals showed the lowest 
caspase 3/7 and 9 levels, which could be related to the increased resilience of crossbred animals 
to stress susceptibility. Concerning the effect of pHu, meat samples showing high pHu levels 
also had higher caspase 3/7 and 9 activities compared to normal pHu samples. This could be 
associated to the synthesis of HSPs under stress situations, which may delay the apoptosis 
processes over post mortem time. These results confirm that measurement of caspase 3/7 and 9 
activities can be good indicators to discriminate between meats with normal and high pHu at 
24 hours post mortem. However, further research is necessary to understand how the behaviour 
of each breed can affect the activity of studied caspases. 
In conclusion, the results obtained in the present Ph. D. Thesis confirm that proteomic tools 
and enzymatic assays developed probed to be useful to accurately evaluate proteome changes 
and apoptosis processes taking place during the conversion of muscle to meat as affected by 
management practices. These tools have also made possible the discrimination between 
normal and high pHu meats, thus being able to predict the incidence of this type of defect in 
cattle. Meanwhile, the results obtained can contribute to the creation of more precise databases 
about the relationship among biochemical characteristics of meat, handling practices and final 
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1    STATE OF THE ART 
 
1.1. GENERAL FRAMEWORK 
The increase of worldwide population, which is expected to surpass 9 billion in 2050 
[1], makes necessary to meet rising food demands to fulfil the high quality protein 
needs. In this regard, livestock production has greatly contributed in multiple ways 
to ending hunger and all forms of malnutrition over the world [2]. 
In order to meet the human protein demand, in the last 50 years animal production 
policies of main livestock species have been focused on productivity and 
intensification practices, moving towards breeding animals that are efficient feed 
converters and fast growing, producing lean meat with minimum production costs. 
However, these type of practices have a great impact not only in the maintenance of 
local breeds and final meat quality attributes, but also in the environment [3]. 
Therefore, the overall aim of livestock production nowadays is to counteract this 
situation towards more resilient, efficient and sustainable production practices. 
Adoption of sustainable farming practices is required for an efficient use of natural 
resources that can be further optimized with the reduction of food waste and losses 
along supply chains. This strategy has been clearly described in the European 
Research Area on Sustainable Animal production as well as in the H2020 – Work 
Program 2014 -2020: Food security, sustainable agriculture and forestry, marine, 
maritime and inland water research, and the bioeconomy for which EU Commission 
has announced the continuity for the next 2021-2027. Linked to the beef cattle sector 
many actions have been taken in order to increase the efficiency in animal production 
aiming at reducing the environmental impact that contributes significantly to 
greenhouse emissions [2,3]. According to this, systems should make use of local, 
multipurpose breeds and/or productive breeds better suited to their living conditions 
with the aim to enhance animal ability to overcome endemic and to face emerging 
diseases and nutritional, reproductive or environmental challenges. Progress here 
will be the key to improve animal resilience traits that are important for a sustainable 
livestock sector. 
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Despite a significant increase in world meat consumption over time, bovine meat 
consumption has experienced a great decrease over the last decade [4]. The influence 
of several factors (i.e., changing eating habits, sociological and demographic 
circumstances) as well as the competition with meat from other livestock species with 
lower prices have changed the trend of beef consumption. In Spain, beef is the third 
most consumed meat (4.85 kg per capita, 2019) behind poultry and pork [5], being the 
national bovine meat trade self-sufficient (110.4 %) to supply the Spanish population. 
According to the Spanish Agriculture, Fisheries and Food Ministry, the national value 
of beef cattle sector is increasing gradually over the last decade (32.6 %) reaching up 
3,010 million euros in 2019, which means 15.3 % and 5.9 % of the final livestock 
farming and agriculture production, respectively [6]. In Europe, the Spanish beef 
production is also important, holding the fourth position in terms of economic value, 
behind France, UK and Germany.  
According to MAPA, the number of living bovine animals was 6,706,000 in 2020, 
being mostly located in Castile & Leon (21.3 % of the total), followed by Galicia (13.9 
%), Extremadura (13.6 %) and Catalonia (10.8 %) [6]. It is of interest to note that in 
Spain coexist 39 different autochthonous breeds, which most of them are 
characteristic of each region and endangered breeds. For this reason, public 
administration takes actions to protect them, not only as part of the Spanish animal 
genetic and cultural heritage, but also because most of them are reared under 
extensive or semi-extensive conditions that greatly contribute to the environmental 
sustainability. However, beef cattle selection aiming to produce carcasses better 
adapted to market demands (i.e., conformation, fatness, precocity) accelerated the 
introduction of several foreign breeds, and now more than 50% of beef cattle in Spain 
are crossbred [7]. 
Most of the cattle farms (144,510) are classified as meat producers (60.4 %) followed 
by fattening feedlots (14.6 %), milk producers (9.6 %), those registered as mixed or 
dual farms (4.0%; specialized in meat and milk production) and other types (11.4 %) 
[6]. Over the last 10 years, the number of registered Spanish beef cattle producing 
farms experienced a slight decrease (-1 %) although the census of suckler cows 
increased 9 %. In general, 71.2 % of beef cattle farms have less than 25 cows and 3.9 % 
have over 100 cows [8]. 
In Spain, the climatological and orographic differences across regions make feasible 
the combination of different livestock farming models (2.3 millions of suckler cows 
over 24 months (mo) of age dedicated to veal production and 0.8 millions of cows 
dedicated to milk production). Suckler cows are mostly located in north-western 
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regions where pastures and ‘dehesas’ are the predominant grazing areas (26.3 % 
Castile & Leon, 22.8 % Extremadura, 10.7 % Andalucia, 9.6 % Galicia and 7 % 
Asturias) (Figure 1.1.) [6]. 
 
Figure 1.1. National distribution of suckler cows (a) and bovine meat production (b) percentages by 
regions [6]. 
The national beef production, in the last decade, has experienced an increase of 16.3 
%, reaching a value of 695,939 tonnes in 2019 [6]. As represented in Figure 1.1., the 
regions where beef suckler cow farms are located do not coincide with the fattening 
and slaughtering regions. In this sense, Catalonia has become the major bovine meat 
producer of Spain (21.5 %), followed by Castile & Leon (16.4 %), Galicia (13.9 %), 
Valencia (9.3 %) and Castile & Mancha (7.9 %). 
According to the type of animals slaughtered, most of them are calves between 8 and 
12 mo of age (35 %), followed by yearling bulls (30 %). It is of interest to note that the 
increasing demand for high quality beef resulted in the appearance of several quality 
labels such as the Protected Geographical Indication (PGI) or Certified Organic Meat. 
In this regard, Spain has 11 PGIs that represent 5.7 % of the total beef production, 
being “Gallega beef” and “Asturiana beef” the most important IGPs in terms of 
production (53.9 % and 17.3 %, respectively). Regarding Certified Organic Meat (3,521 
registered farms), its production has experienced an increase of 13.4 % with respect 
to 2018, being Andalucia the greatest contributor with 78.2 % of the Organic Meat 
production [6].
Although these data clearly demonstrate the importance of beef cattle production in 
Spain, there is a clear drawback related to the lack of uniformity in the quality of the 
meat reaching the market. Therefore, there is a real need to develop new strategies to 
study the occurrence and nature of defective bovine meats. This could contribute to 
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subsequent optimization of the industry. However, due to many factors influencing 
the muscle to meat conversion, which is a complex process responsible for the 
development of meat quality traits and the overall acceptance of the meat, the 
aforementioned goal is very logical but can be complex to achieve. 
1.2. BIOCHEMISTRY OF POST MORTEM MUSCLE AND ITS RELATION WITH 
MEAT PRODUCTION 
The conversion of muscle to meat is a complex process that involves several 
physiological, metabolic and structural changes triggered by the animal and its 
tissues to reinstate an homeostatic control. After slaughter, the blood flow to and from 
muscles ceases, oxygen supply is cut off and, consequently, energy sources for muscle 
functioning are depleted. At this point, tissues enter in an ischemic anoxic state, which 
will affect all biochemical pathways of muscle cells, and it will lead to an adaptation 
of most metabolic processes (Figure 1.2.). The first objective of the cell under such 
anoxic state is to increase its capacities to produce the energy required for metabolic 
activities related to cellular functions and muscle contraction. The second step after 
animal bleeding is to preserve cell functions with an increase in the concentration of 
several heat shock proteins (HSPs). Due to the inability of cells to maintain reducing 
conditions, the battle between cell survival and cell death finally turns into cell death 
processes, (i.e., apoptosis or autophagy) [9-11]. Then, the degradation of myofibrillar 
proteins by the activation of several proteinase systems, oxidations and other 
biological processes lead to the well-known meat tenderization process.  
 
Figure 1.2. Main biochemical pathways involved in the conversion of muscle to meat. (AMP: adenosine 
monophosphate; ATP: adenosine triphosphate; HSPs: heat shock proteins; PCr: phosphocreatine; TCA 
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In living organisms, all reactions involved in the oxidation of fuel molecules (amino 
acids, carbohydrates or fatty acids) enter into tricarboxylic acid (TCA) cycle and 
oxidative phosphorylation (or electron transport chain) with the main aim of 
producing energy through the synthesis of mitochondrial ATP [12]. When the blood 
supply ceases after animal exsanguination there is no source of oxygen and, as a 
result, mitochondrial ATP synthesis is limited to favour oxidative phosphorylation. 
At this point, anaerobic metabolism is initiated in order to supply ATP to carry on 
cellular functions and muscle contraction. Although there are several high-energy 
compounds that can serve to restore ATP levels (i.e., phosphocreatine (PCr), 
nucleotide breakdown), anaerobic glycolysis is the predominant pathway for ADP 
rephosphorylation under anoxic conditions (Figure 1.3.).  
 
Figure 1.3. Main metabolic pathways involved in energy cell metabolism (ATP: adenosine triphosphate; 
FADH2/FAD+: flavin adenine dinucleotide; NADH/NAD+: nicotinamide adenine dinucleotide; TCA 
cycle: tricarboxylic acid cycle). 
Glycolysis is the key metabolic pathway that converts glucose into pyruvate. It can 
be divided in two phases in which the first one involves five reactions that metabolise 
six carbon hexoses into glyceraldehyde 3-phosphate. The second set of reactions yield 
ATP and pyruvate, ending with lactate production. As a primary energy source, 
glucose is stored as glycogen, essentially in liver and muscles. Glycogenolysis is the 
sequential liberation of glucose-1-phosphate residues from glycogen to form glucose-
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glycogen stores prior to slaughter and metabolic regulation of glucose/glycogen ratio 
will have a great influence in post mortem muscle metabolism.  
When the initial substrate powering glycolysis is limited (i.e., glycogen) by several 
factors described below (see section 1.3), other alternative energy sources (i.e., amino 
acids, lipids) are needed [12] and other biochemical pathways such as amino acid and 
lipid metabolism/degradation can be activated even prior to slaughter (Figure 1.3.). 
Fatty acid metabolism, especially fatty acid β-oxidation, is an important pathway for 
energy production. In this regard, fatty acids are transported to the mitochondria 
matrix bound to carnitine, where they enter TCA cycle and oxidative phosphorylation 
for further oxidation. Amino acids are also an important potential source of energy in 
post mortem muscle lacking glucose reserves due to skeletal muscle represents 75 % of 
the entire free amino acid pool and 25 % of total proteins in the animal [13]. These are 
degraded to a substrate of TCA cycle or to an intermediate compound that converts 
into a substrate of this cycle [12]. 
In essence, TCA cycle, which takes place in the mitochondrial matrix, is the final 
common pathway for the oxidation of fuel compounds (amino acids, carbohydrates 
and fatty acids), with the subsequent production of reduction equivalents (NADH 
and FADH2) that promotes oxidative phosphorylation with the main aim of energy 
production through the synthesis of mitochondrial ATP. The commented alternative 
pathways for energy production (amino acid and lipid metabolism/degradation) 
would be preferably activated before slaughter since mitochondrial ATP production 
is limited in absence of oxygen in post mortem muscle. However, some authors have 
reported that mitochondria can still consume oxygen in post mortem muscle even after 
60 days of storage under vacuum packaging [14]. This suggests that oxidative 
metabolism (i.e., TCA cycle, oxidative phosphorylation) might remain active in post 
mortem muscle in order to maintain cell homeostasis [15,16]. 
Aforementioned reactions (mainly glycolysis and glycogenolysis) reduce muscle PCr 
and thus ATP, leading to a concomitant increase of lactate and decrease of muscle pH 
[17], reaching ultimate pH (pHu) values of 5.5-5.6 at 24 h post mortem [18]. The 
establishment of pHu coincides with the end of glycolysis due to the lack of available 
substrate (i.e., glycogen) and inactivation of one or more glycolytic enzymes due to 
the reached acidic conditions [19]. 
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1.3. FACTORS INFLUENCING POST MORTEM GLYCOLYSIS RATE  
Several factors can influence the post mortem glycolysis rate, significantly altering the 
final pH of meat [20,21] and frequently causing meat quality defects that are 
associated to an abnormal post mortem acidification of the muscle. These factors can 
be classified in two different groups considering (1) their animal 
dependence/independence (intrinsic and extrinsic factors) and (2) the timing of their 
occurrence over the production chain (ante, peri and post mortem factors) (Figure 1.4.). 
Fortunately, most of them can be handled along the production chain; however, those 
exclusively dependant on the animal (i.e., breed/genotype, muscle fibre type, gender 
and others) and environmental conditions are beyond control.  
 
Figure 1.4. Factors influencing glycolysis rate in post mortem muscle. Intrinsic factors are represented in 
purple, while extrinsic factors are in black colour. 
Concerning intrinsic factors, breed/genotype, muscle fibre type and gender are the 
most relevant and they influence majorly before slaughter (ante mortem). It is widely 
described that glycogen concentration varies according to muscle fibre type, 
influencing the extent of post mortem glycolysis and, thus, pHu. Muscles with a high 
proportion of type I fibres have lower glycogen concentrations and display faster pHu 
decline rates than those muscles with type II fibres that have higher glycogen 
concentrations and lower pHu decline rates [22-24]. The genotype also exerts a great 
influence in muscle fibre type content. In this sense, for example, the presence of 
myostatin gene mutation in several cattle breeds causes double-muscled or 
hypertrophied animals [25,26] providing increased type IIB fibre and decreased type 
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Regarding extrinsic factors, these affect all along the production chain (ante, peri and 
post mortem phases). At post mortem phase, animal handling procedures such as 
temperature control and electrical stimulation are key practices to reach a correct 
meat acidification. Therefore, their use in the meat industry is widespread due to their 
easy implementation. In this regard, many studies have reported the successful use 
of temperature control and electrical stimulation to accelerate post mortem glycolysis 
rate and, therefore, minimise the risk of cold-shortening derived from rapid cooling 
and/or freezing [27,28]. Despite the success of these practices, implementation of such 
post mortem strategies is not enough when pre-slaughter animal handling have not 
been adequate. Among ante mortem factors, the feeding system plays an important 
role due to the effect of dietary constituents on animal growth and muscle 
characteristics [29,30]. Beef cattle feeding systems move from completely extensive 
grazing systems to high-grain intensive production systems, including all the 
intermediate feeding practices. In general, beef cattle reared under extensive grazing 
conditions receive imbalanced diets of high-protein content and low-energy pastures, 
yielding smaller animals than those reared under intensive practices, which receive 
high-grain diets of high-energy and high-protein contents [29,30]. Moreover, seasonal 
variations mainly related to temperature fluctuations and undesirable weather events 
can give low quality pasture and grasslands. As consequence, animal diet has a great 
impact on live weight, carcass weight, fat thickness, muscle glycogen content and also 
glycogen depletion rate during transport and slaughter practices. In addition, daily 
level of physical activity, which can vary between extensive and intensive systems, 
may also affect post mortem glycolysis rate mainly through changes in fibre-type 
profile [29,31]. 
During pre-slaughter phase, animals can be exposed to a range of challenging stimuli 
that may affect the stress status with detrimental effects in animal physiology and 
thus in the final meat quality characteristics [32]. These stressors perturb animal 
homeostasis and, as consequence, an adaptive response is activated to restore 
balance. Although this response is modulated by several animal intrinsic factors (i.e., 
genetics, gender, age, physiological state), animal housing practices on farm, during 
transport, and during lairage in the abattoir (i.e., feeding, transport/lairage 
management, human presence) are highly important to avoid additional stress. 
Among these factors, transport is one of the most stressful within the meat production 
chain due to the many handling practices involved before, after and during transport 
(i.e., noise, vibration, novelty, crowding, climatic factors, loading/unloading, duration 
of transit, feed/water deprivation) [33]. Moreover, husbandry practices resulting in 
social mixing or re-grouping of animals may compromise animal welfare, producing 
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social stress and, thus, increasing aggressiveness and fighting behaviours [34] while 
feeding system also plays an important role in animal stress taking into account that, 
directly or indirectly, it influences on animal physiology, social behaviour and 
responsiveness to stress situations [35]. Despite of aforementioned stressful events, 
some peri mortem practices can reduce animal physical injuries in order to avoid the 
release of stress hormones that have a direct impact on glycolytic rate. In this line, 
stunning methods, where animals become unconscious prior to slaughter and bled 
without causing pain or distress, have been successfully employed to improve animal 
welfare [36].  
The occurrence of pre-slaughter stress (PSS) condition has been widely reported but 
its study is quite complicated taking into account its multi-factorial origin including 
both intrinsic and extrinsic factors (Figure 1.4.). When animals are handled 
inadequately before slaughter, they can consume their muscle glycogen reserves as a 
reaction against acute PSS situations by increasing hormone secretion (i.e., adrenaline, 
cathecolamines, cortisol). This situation reduces glycogen storages evolving in an 
abnormal conversion of muscle to meat after slaughter [37]. This phenomenon 
produces two well-known meat defects; dark, firm and dry (DFD) meats and pale, soft 
and exudative (PSE) meats. 
In beef, DFD meats are more common, being also known as dark cutting beef. In these 
meats, the low ante mortem glycogen content in muscle modifies post mortem glycolytic 
metabolism resulting in less lactic acid production and higher pHu (above 6.0) in 
meats. This results in a poor meat quality characterized by alterations in tenderness 
and water holding capacity during aging, and fast spoilage by microorganism [38]. 
On the other hand, PSE meat has been traditionally associated to pig meat production 
although, recently, this alteration has been also reported in other species such as beef 
cattle. After slaughter, contrary to DFD meats, the glycolysis rate in PSE meats is very 
fast, reaching pH values below 5.8 at 45 min post mortem. As a consequence of an 
accelerated post mortem glycolysis while carcass temperature is still high, meat turns 
pale, soft and exudative. 
DFD meat is a common problem in many countries, affecting to a wide range of 
bovine carcasses [39], and provoking important economic losses in the meat industry 
due to poor quality attributes of the meat. For instance, according to Meat and 
Livestock Australia, the occurrence DFD meat is around 10 %, representing a loss of 
about $36 million per year to the Australian beef industry [40]. The USDA 
Agricultural Marketing Service reported a loss of $165 million due to occurrence of 
dark-cutting meat in 2000 in USA [41]. Similarly, DFD meats represented a loss of $20 
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million per year in United Kingdom [42]. In Brazil, 40 % of the total beef carcasses 
produced from Nellore breed per year are DFD, being an important problem [43]. 
There is no official information about the incidence of this problem in Spain although 
available data indicate that 14 % of beef cattle carcasses could be classified as DFD 
[44]. 
Australia, one of the countries with the highest incidence of dark cutting beef, 
considers that meat with a high pHu value (> 5.7) is typically dark in colour and 
known as DFD [39]. At the same time, FAO reported that pHu values above 6.2 
indicate animal stress, injury or sickness prior to slaughter [45]. Therefore, 
measurement of meat pHu is critical for the industry [41] and, nowadays, it is the 
most accepted routine practice to control the occurrence of DFD meats. 
Unfortunately, usefulness of meat pHu assessment is often compromised since high 
values do not necessarily guarantee the appearance of true DFD meats [46] and, thus, 
the development of new strategies to unequivocally detect this type of defective 
meats are demanded.
1.4. DEVELOPMENT OF NEW APPROACHES TO STUDY MEAT BIOCHEMISTRY 
Apart from the essential role of energy metabolism during the conversion of muscle 
to meat, other biochemical pathways can be also involved in this process and, thus, 
these should be studied to search for other indicators, apart from pHu, that could 
offer further information of meat biochemical characteristics.  
1.4.1 Apoptosis in meat science  
The relevance of apoptosis (or cell death process) in meat research was not considered 
until Ouali et al. [9] proposed cell death as one of the first events triggered during the 
conversion of muscle to meat. After slaughter, even though the animal tries to 
preserve cell functions through the increase of HSPs, once the energy is depleted, the 
battle between cell death and cell survival will turn into the onset of the cell death 
process [9]. Programmed cell death or apoptosis is a physiological mechanism 
naturally occurring in living organisms that eliminates excessive, damaged or 
potentially dangerous cells from an organism without damaging surrounding cells 
[47]. The main responsible of programmed cell death onset are a group of enzymes 
named caspases. They are a family of cysteine dependent peptidases that are mainly 
synthesised as inactive zymogens (pro-caspases). Under internal and/or external 
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stimuli, they initiate a series of controlled reactions that ultimately lead to cell death. 
Apoptotic caspases can be further classified according to their point of entry into the 
cell death pathway as: (1) initiator caspases (caspases 8, 9 10 and 12) and (2) 
executioner caspases (caspases 3, 6 and 7). The extrinsic pathway (external stimuli) 
initiates apoptosis through the activation of extracellular receptors that will activate 
initiator caspase 8. Meanwhile, the intrinsic pathway is activated by internal stimuli 
(metabolic and/or hypoxic stress) leading to the permeability of the outer 
mitochondrial membrane that favours cytochrome C release and the formation of the 
caspase 9 apoptosome complex [48,49], activating executioner caspases 3 and 7 that 
will proceed with cell dismantling [50] (Figure 1.5.).  
 
Figure 1.5. Apoptosis pathways triggered by the action of caspases. (FADD: fas receptor-associated 
death domain; IAPs: inhibitor of apoptosis proteins; Smac/DIABLO: second mitochondria-derived 
activator of caspase/direct inhibitor of apoptosis-binding protein with low pI). 
In the last years, major efforts have been conducted to study the metabolic responses 
associated to intrinsic hypoxia/ischemia that could contribute to post mortem 
proteolysis occurring during meat tenderization. However, these studies did not 
investigate any possible relationship between ante mortem factors influencing animal 
metabolism and post mortem cell death. Concerning the activation of caspases in 
relation to stress, previous studies have found higher caspase 1 activity in mice when 
animals were stressed [51] and an activation of caspase 3 in Zebrafish in response to 
stress induced by heat [52]. In this line, other authors reported higher regulation 
levels of caspase 3 large subunit in high pHu beef samples compared to normal pHu 
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caspase activity stands up as a novel and promising approach to understand the 
influence of pre-slaughter handling practices on muscle biochemistry and final meat 
quality. 
Most common methods to measure caspase activity are based on assay kits capable 
to monitor the hydrolysis of specific peptide substrates coupled to cleavable 
fluorophores, mainly 7-amino-4-methyl-coumarin (AMC) or 7-amino-4-
trifluoromethyl-coumarin groups [54]. This methodology has been commonly used 
in meat research studies for the simultaneous assessment of caspase 3/7 activity 
[55,56]. However, the low sensitivity of these kits limits their biological application to 
the characterization of purified enzymes, primary cell cultures or fresh tissue samples 
with high caspase activity, showing clear limitations in their usefulness for tissues 
with scarce caspase activity such as skeletal muscle [57]. Alternatively, caspase 
substrates based on rhodamine dye have been proposed to overcome aforementioned 
limitations [57], but the high cost of these assays compromises their use when the 
analysis of high number of samples is required. In this sense, there is a need for an 
appropriate optimization of current methods in order to accurately determine caspase 
activity in meat extracts.  
1.4.2 Proteomics in meat science  
The study of apoptosis applied to meat biochemistry research is a relatively new 
approach and still deserves further attention even though a remarkable development 
and implementation of omic technologies (i.e., genomics, transcriptomics, proteomics 
and metabolomics) have been reported in food-related sciences during the last decade 
[58].  
Skeletal muscle houses a wide variety of proteins that participate in most of the 
biochemical and structural processes that take place during the conversion of muscle 
to meat. Most of these proteins are enzymes involved in energy metabolism and 
structural proteins that play essential roles in the development of meat quality traits 
and, thus, they are definitely worth studying (Figure 1.6.). 
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Figure 1.6. Principal groups of proteins integrating the skeletal muscle. 
The term “proteome” refers to the total amount of proteins expressed in a cell or tissue 
at a certain point of time [59], which contains information of gene expression and 
protein translation [60]. The study of proteome offers many advantages since it is 
considered the link between the genome and the functional characteristics that take 
place under different conditions in living organisms. In contrast to genome, proteome 
is continuously changing with environmental/processing factors, leading to protein 
interactions or modifications (i.e., degradation, denaturation, oxidation, 
phosphorylation) [61]. In meat science, proteomics has been used to elucidate the 
relationship between muscle proteome and several biochemical processes [62,63] 
involved in meat tenderness [13], color [64,65] and water holding capacity [66,67], 
with the aim of searching for protein biomarkers related to aforementioned meat 
quality attributes. However, proteome characterization is complicated. Difficulties 
arise from its variability over time, sample/sampling complexity and/or low 
resolution capacity of classical methods. In this sense, over the last 20 years, these 
problems have been partially solved with the implementation of new methodologies 
including innovative combinations of different proteomic techniques adapted to meat 
studies (Figure 1.7.) and going from preliminary fractionation to further protein 
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Figure 1.7. Diagram of the main proteomic strategies used in meat proteomic research. (1-DE: one-
dimensional electrophoresis; 2-DE: two-dimensional gel electrophoresis). 
Two fundamental techniques for protein separation were described in the sixties: (1) 
sodium dodecyl sulphate–polyacrylamide gel electrophoresis (SDS–PAGE) and (2) 
isoelectric focusing (IEF). These techniques allowed the separation of proteins based 
on molecular mass (Mr) and surface charge, respectively. The use of one-dimensional 
electrophoresis (1-DE) under reducing and denaturant conditions of SDS-PAGE had 
a great impact in meat science since it allowed the study of key enzymatic groups (i.e., 
calpain, calpastatin) involved in myofibrillar protein degradation [69-71] and, thus, 
in post mortem aging process. However, these studies had important limitations due 
to their inability to perform large-scale and high throughput protein analysis. 
Nowadays, most of proteomic analytical strategies are based on at least two 
dimensional protein separations, using either electrophoretic or chromatographic 
methods followed by further mass spectrometry (MS) analysis. 
One of the most used proteomic separation approach is the two-dimensional gel 
electrophoresis (2-DE), in which proteins are separated according to their isoelectric 
point (pI) in the first dimension (IEF method) and according to their molecular weight 
in the second dimension (SDS-PAGE method). In this context, Bouley et al. [72] 
successfully mapped the bovine skeletal muscle using a combination of 2-DE and MS 
analysis. They were able to identify 129 protein spots related to metabolism, cell 
structure/defence and contractile apparatus. Generally, the 2-DE allows the 
simultaneous separation of 500-2000 individual protein species, and different 
isoforms or differential post-translational modification can be also distinguished. 
However, the time and effort required to perform 2-DE separation is considerable and 
a prior pre-fractionation/enrichment step is usually required in order to simplify 
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have been developed with the aim to separate complex protein mixtures to obtain 
fractions containing a reduced number of proteins prior to 2-DE and/or MS analysis. 
One of these emerging technologies is the liquid isoelectric focusing (OFFGEL) that 
separates proteins according to their pI. A multi-compartment chamber integrated by 
12 or 24 wells is placed on top of immobilized pH gradient gel (IPG) strips. Solubilised 
proteins migrate across IPG strips until they respectively reach the pH corresponding 
to their pI [73]. The major advantage of OFFGEL fractionation compared to 2-DE 
electrophoresis consists in the direct recovery of the fractionated/enriched proteins 
from the liquid phase and the possibility to further analyse them by either gel-based 
separation steps (SDS-PAGE) or directly by gel-free strategies such as liquid 
chromatography coupled to mass spectrometry (LC-MS). Despite the popularity of 
gel-based strategies, gels have intrinsic disadvantages such as the use of hazardous 
chemicals (i.e., polyacrylamide), poor representation of less abundant proteins, 
inaccurate quantitative image analysis and time consumption [74]. In this sense, gel-
free based approaches like OFFGEL have received more interest as very promising 
results have been achieved in other areas (i.e., safety, quality and traceability studies 
of meat and meat products) [75-77]. However, studies proving the advantages of 
using direct OFFGEL protein fractionation together with LC-MS analysis are still 
scarce in meat quality research field. 
Traditionally, within the framework of protein-oriented investigations, Western Blot 
and/or automated Edman degradation were the analytical techniques more 
commonly used for the identification of specific protein species [78]. However, over 
the past 20 years, significant improvements in MS analysis has opened a new way of 
characterizing proteins and peptides. Two key innovations have been implemented: 
(1) the development of different soft ionization methods that convert large, polar and 
non-volatile compounds into ions in the gas phase, and (2) the subsequent MS 
analysis capable to separate these ions according to their mass/charge ratio (m/z). 
These advances have allowed protein identification following two different 
strategies: (1) the identification by peptide mass fingerprinting (PMF) for which only 
the mass list of the intact peptides obtained from protein digestion is required (MS); 
and (2) the identification by tandem mass spectrometry (MS/MS), in which peptides 
are fragmented by collision with an inert gas and the generated fragmentation 
spectrum contains the necessary information to deduce the amino acid sequence of 
the peptide.  
The first strategy, PMF, consists in the comparison of experimental peptide masses 
obtained by MS analysis and which were previously generated by protein digestion 
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using a specific enzyme that has a known cleavage pattern (such as trypsin), with 
theoretical peptide masses of an in-silico-digested protein sequence database. In the 
case of complex matrices, such as meat, protein identification by PMF is complicated 
since peptides have been generated from proteolytic processes in which a huge 
number of peptidases are involved. Therefore, proteins do not present specific 
proteolytic cleavages of a known enzyme and, thus, the peptide profile is not 
verifiable with the theoretical masses of protein databases. In addition to this, PMF 
approach can only be applied to isolated proteins or simple protein mixtures (2-3 
proteins). For complex mixtures, peptides derived from digested proteins must be 
identified by elucidation of their amino acid sequence using MS/MS that is based on 
coupling two mass analysers separated by a collision chamber (aforementioned 
second strategy). In this sense, Matrix Assisted Laser-Desorption Ionization (MALDI) 
coupled to a Time-of-Flight (TOF/TOF) tandem MS has been the most used technique 
in order to study bovine meat proteome and its relation to energy metabolism [62], 
pre-slaughter stress [79,80], muscle fibre type [81] and colour stability [64,65]. In 
contrast, Electro Spray Ionization (ESI) is usually coupled to hybrid instruments such 
as quadrupole-ionic trap, quadrupole-TOF or triple quadrupole. For instance, when 
ESI is coupled to MS/MS analysis, this typically yields sequence information of small 
peptides (3-10 amino acids) from each protein, and these sequence tags allow protein 
identification through MS/MS by matching experimental data with sequence 
database information [82]. 
Another important achievement in proteomics that has been widely used in meat 
research is the use of liquid chromatography coupled to tandem mass spectrometry 
(LC-MS/MS) (Figure 1.8.). Using this approach, an efficient peptide separation and a 
sensitive identification of a large number of peptides in a single analysis of complex 
samples can be achieved [15,16,80,83,84].  
 
Figure 1.8. General protein analysis workflow using liquid chromatography coupled to tandem mass 
spectrometry. (ESI: electro spray ionization; MALDI: matrix assisted laser-desorption ionization; 
MS1/MS2: mass analyser 1 and 2; m/z: mass/charge ratio). 
In quantitative proteomics, there are different strategies depending on the initial 
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DE protein separation relies in measuring the intensity of each separated protein 
band/spot by the use of a densitometric scanner, spectrometric or fluorescence 
measurements, or computer image analysis. Despite the widespread use of this 
quantitative method in the study of myofibrillar or sarcoplasmic proteins 
[16,62,77,79-81], it shows several important limitations such as low specificity, limited 
dynamic range and band/spot overlapping problems [74]. 
Considering the shortcomings of gel-based separation approaches, there is a need to 
develop alternative methods based on the extraction of quantitative proteome 
information from mass spectral data. However, MS is a qualitative rather than a 
quantitative method, mainly due to unpredictable ionisation abilities of individual 
peptides [85]. In this line, one of the first methods that allowed a relative 
quantification of mass spectra were those based on studying differences in protein 
abundances among different samples. For this purpose, labelling with stable isotopes 
(i.e., ICAT, SILAC, iTRAQ) is the most precise technique allowing differential 
chemical tagging of proteins from different samples. However, labelling methods 
require complex experimental procedures and present additional limitations such as 
the high cost of the isotopes, the limited number of samples to be analysed and the 
availability of markers. Concerning meat science research, label-based quantification 
was recently introduced [86] and, due to aforementioned limitations, its utilization in 
this field is still not popular [87,88]. 
As an alternative to labelling methods, other label-free strategies reported either 
relative or absolute quantification data [15,84,89]. Even though these are less precise, 
label-free techniques are versatile and affordable since they do not require the use of 
expensive markers, thus allowing the analysis of a high number of samples [90]. In 
this sense, targeted LC-MS strategies based on selected reaction monitoring/multiple 
reaction monitoring (SRM/MRM) full-scan analysis can greatly simplify the routine 
analysis of known peptides [91] as these can selectively quantify them within complex 
mixtures. In SRM experiments, normally two mass analysers (MS1 and MS2) are used 
as static mass filters; the MS1 selects the precursor ions that are fragmented in MS2, 
providing a particular fragment ion. The specific pair of m/z values associated to the 
selected precursor and fragment ions are referred to as "transition". The main 
advantages of SRM/MRM approach are affordability of the required MS technology 
(mainly low-resolution MS, ion-trap and triple-quadrupole devices), and its high 
sensitivity and specificity while avoiding tedious enrichment/purification steps such 
as SDS-PAGE gels and OFFGEL fractionations. Even though the implementation of 
this technology in the food industry for quality evaluations has great potential, 
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surprisingly, there is a lack of SRM-based analytical methodologies applied to the 
study of post mortem meat changes.  
Data analysis of MS/MS experiments is essential for both qualitative and quantitative 
analysis since thousands of mass spectra are generated. As a result, for each detected 
ion a peak list is obtained containing the observed m/z values, intensity and charge 
state. The most common procedure for peptide identification is the use of search 
engines based on powerful algorithms capable to process huge amounts of spectral 
data and compare them with existing public protein databases. Some examples of 
updated search engines are MASCOT, Proteome Discoverer and ProteinPilot. Among 
protein databases, NCBIprot and UniprotKB/SwissProt are among the most 
frequently used by scientists. These bioinformatic tools allow the interpretation of 
tandem mass peptide fragmentation spectra by comparing the experimental results 
with theoretical peptide fragmentation patterns deducted from the information 
contained in the databases. Once the peptide sequence is identified, each peptide is 
assigned to a protein of origin, indicating the confidence threshold of this assignment. 
Overall, the complexity of meat biochemistry and its close relation with the final meat 
quality characteristics makes fundamental the combination of different strategies to 
advance in the study of the main biochemical pathways underlying the conversion of 
muscle to meat and to search for reliable meat quality biomarkers linked to these 
processes. The increase of omics approaches has opened an opportunity to 
incorporate different strategies that could provide a feasible and integrated solution 
for these studies. Indeed, the combination of different proteomic approaches, together 
with the study of cell death processes, may open new ways for the detection and 




2    HYPOTHESIS AND    OBJECTIVES 
 
The conversion of muscle to meat is a complex process that involves several 
physiological, biochemical and structural changes that have a great influence in the 
final meat quality traits and overall acceptability of fresh meat. However, its study is 
hindered by a series of ante and post mortem factors that can greatly influence this 
process. Many studies have been conducted searching for biomarkers related to meat 
quality traits (i.e., tenderness, colour, water holding capacity) but there is still need 
for further information related to biological changes occurring in bovine muscle. In 
this sense, the development of new strategies to detect meat quality defects associated 
to the production factors have become an important challenge within meat quality 
research. 
In this sense, overall objective of the present Ph. D. Thesis was to investigate those 
biochemical processes taking place in bovine muscle during the first 24 h post mortem, 
such as proteome changes and apoptosis processes, and to study their relationship 
with defective meat traits depending on management factors influencing the whole 
production chain. This understanding would help to promote actions contributing to 
obtain higher quality meats under more sustainable production systems. This will, at 
the same time, positively influence consumers’ purchase decision towards more 
sustainable and respectful production practices. 
The present work has been performed following three main specific objectives: 
Objective 1. To develop new proteomic approaches to adequately study relevant 
changes occurring in skeletal muscle sub-proteome at early post mortem times (24 h) 
and discover new protein biomarkers associated to different ultimate pH meats. This 
will be addressed by an evolutionary analytical workflow, starting from methods 
relying on several pre-fractionation steps and standard LC-MS analyses, to more 
evolved strategies including, simple, high throughput sample preparation steps 
linked to sophisticated LC-MS analyses. (Publication I to IV). 
Objective 2. To optimise an enzymatic assay for the accurate assessment of caspase 
3/7 activity in order to study post mortem apoptosis processes in skeletal muscle 
(Publication V).  
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Objective 3. To apply the developed enzyme assay to study the effect of several 
management factors (breed, production system and transport/lairage conditions) and 
meat pHu values during post mortem apoptosis processes, and their usefulness to 
discriminate normal from defective meats (Publication VI and Manuscript I). 
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3 MATERIALS AND METHODS 
 
3.1 EXPERIMENTAL DESIGN AND SAMPLE COLLECTION   
 
3.1.1 Experimental Design I: Optimization of gel-free and fluorogenic assays 
Loin samples (13th rib of the left half carcasses) from three crossbred (CB) beef cattle 
(n = 3) reared and commercially slaughtered at 18 mo of age in accordance with 
Directive 2010/63/EU [92] and Council Regulation (EC) Nº 1099/2009 [93], 
respectively, were collected. At 24 hours (h) post mortem, approximately 10 g of 
Longissimus thoracis et lumborum (LTL) muscle samples were taken, epimysium was 
carefully removed and samples were vacuum packed and stored at -80 °C for further 
analysis. These samples were destined to (1) the optimization of gel-free proteomic 
approach supported by OFFGEL protein fractionation/enrichment coupled to a LC-
MS equipment and (2) the optimization of a fluorogenic assay for caspase activity 
determinations. 
3.1.2 Experimental Design II and III: Study of sarcoplasmic and myofibrillar 
sub-proteomes 
Loin samples (13th rib of the left half carcasses) from eight Asturiana de los Valles 
(AV) beef cattle (n = 8) and twelve CB animals (n = 12) commercially slaughtered at 
14-15 and 14-18 mo of age, respectively, following safety and welfare conditions 
described above (Experimental Design I) were collected. 
From each AV animal, at 2 h post mortem, approximately 30 g of LTL muscle sample 
were taken and a subsample of 10 g was immediately frozen in liquid nitrogen and 
stored at -80 °C, while the rest of muscle samples (20 g) were transported to the 
laboratory under refrigeration conditions (4 °C). Later, at 8 and 24 h post mortem, 
subsamples of 10 g were snap-frozen in liquid nitrogen and stored at -80 °C for further 
analysis. From CB animals, loin samples were collected only at 24 h post mortem. 
Approximately 10 g of LTL muscle sample were frozen in liquid nitrogen and stored 
at -80 °C for further analysis. 
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All these meat samples (n = 20) were classified into two different groups according to 
their pHu values (normal and high pHu). Samples collected from AV breed (n = 8) 
were normal (pHu < 6.0), while samples collected from CB animals (n = 12), six 
samples were normal (pHu < 6.0) and the other six were high pHu (> 6.0). All these 
made a normal set of fourteen samples (n = 14), and a high pHu set of six samples (n 
= 6) (Figure 3.1.). In these sample set (n = 20), the study of sarcoplasmic sub-proteome 
using a gel-based approach was performed (Figure 3.1., Experimental Design II). And 
the study of myofibrillar (gel-based) and sarcoplasmic (gel-free) sub-proteomes were 
performed in the CB sample set (6 normal and 6 high pHu) (Figure 3.1., Experimental 
Design III). The study of sarcoplasmic and myofibrillar sub-proteome was only 
performed in the sample set collected at 24 h post mortem.  
 
Figure 3.1. Sample description and representation of Experimental Designs II and III. (AV: Asturiana de 
los Valles; CB: crossbred; pHu: ultimate pH). 
3.1.3 Experimental Design IV and V: Study of post mortem apoptosis  
 
3.1.3.1 Experimental Design IV  
A total of ninety bulls from three Spanish native beef cattle breeds were used: 29 AV, 
33 Retinta (RE) and 28 Rubia Gallega (RG) (n = 90). Animals were reared under two 
different production systems, intensive and semi-extensive, which were typical of 
each breed and production area (Asturias, Extremadura and Galicia). Within each 
breed and production system, prior to slaughter, animals were mixed and not mixed 
with unfamiliar individuals during transport and further lairage at abattoir 
installations (Figure 3.2., Experimental Design IV). 
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Calves from AV breed suckled their mothers under grazing conditions. They were 
weaned at 8 mo and supplemented with concentrate ad libitum in winter period. At 
10-12 mo, calves were finished under one of the two production systems for a period 
of 100 days until they were slaughtered at 13-15 mo: (a) 18 bulls were managed 
indoors and fed 8.0 kg/head/day of concentrate and 2.0 kg/head/day of barley straw 
(intensive), and (b) 11 bulls were managed outdoors, grazing while supplemented 
with 3.5 kg/head/day of concentrate (semi-extensive). The concentrate was composed 
of 84 % barley meal, 10 % soya meal, 3 % fat, 3 % minerals, vitamins and 
oligoelements, and pasture was mainly composed of ryegrass (Lolium perenne) and 
clover (Trifolium repens) botanical species. 
Calves from RE breed suckled their mothers under grazing conditions until they were 
weaned at 6 mo. Later, calves were reared under one of the two feeding systems until 
they were slaughtered at 13-14 mo: (a) 13 bulls were managed indoors and fed 8.0 
kg/head/day of concentrate and 2.0 kg/head/day of barley straw (intensive), and (b) 
20 bulls were managed outdoors, grazing while supplemented with 4.0 kg/head/day 
of concentrate (semi-extensive). The concentrate was composed of 51 % corn meal, 34 
% barley meal, 8 % soya meal, 3 % fat, 4 % minerals, vitamins and oligoelements, and 
pasture was mainly composed of ryegrass (Lolium perenne and Lolium rigidum) and 
clover (Trifolium repens) botanical species. 
Management of RG calves was slightly different as they were commercially 
slaughtered at a younger age (10 mo) compared to other studied breeds. Twelve RG 
calves were weaned at 1.5 mo and managed indoors with concentrate and barley 
straw ad libitum (intensive). The other 16 RG calves suckled their mothers under 
grazing conditions of mainly perennial ryegrass (Lolium perenne) and white clover 
(Trifolium repens) and were supplemented with 3.5 kg/head/day of concentrate until 7 
mo. Then, they were finished on concentrates ad libitum for 100 days (semi-extensive). 
The concentrate was composed of 40 % corn meal, 28 % barley meal, 21 % toasted 
soybean flour, 4 % palmist extraction flour and 2 % palm oil, 2 % calcium carbonate, 
2 % fatty acid calcium salt and 1 % sodium chloride. 
At the time of slaughter, animals were transported in a lorry with natural ventilation 
and space allowance of 2.5 m2 per animal. Prior to slaughter, within each breed and 
production system, half of the animals were mixed with unfamiliar individuals 
during transport and further lairage at abattoir installations (intensive: 8 AV, 7 RE 
and 6 RG; semi-extensive: 5 AV, 12 RE and 6 RG), whereas the other half were not 
mixed with other animals (intensive: 10 AV, 6 RE and 6 RG; semi-extensive: 6 AV, 8 
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RE and 10 RG). At arrival to the abattoirs, animals were located in lairage pens and 
were slaughtered 30 minutes (min) after arrival to avoid additional stress.  
Animals were slaughtered in commercial abattoirs of each region following safety 
and welfare conditions described above (Experimental Design I). The average carcass 
weights for each breed and production system were 328 ± 51.8 kg for AV, 312 ± 31.0 
kg for RE and 237 ± 23.2 kg for RG (intensive) and 247 ± 54.7 kg for AV, 320 ± 17.4 kg 
for RE and 251 ± 47.5 kg for RG (semi-extensive). Sampling procedure was the same 
as for AV carcasses described in Experimental Design II. Additionally, the study of 
post mortem apoptosis was performed at different times (2, 8 and 24 h post mortem) 
(Figure 3.2.). 
 
Figure 3.2. Sample description and representation of Experimental Design IV. (AV: Asturiana de los 
Valles; RE: Retinta; RG: Rubia Gallega; I: intensive; SE: semi-extensive; h: hours). 
3.1.3.2 Experimental Design V 
As all meat samples obtained under Experimental Design IV were normal, a directed 
survey towards finding high pHu meat samples was performed in commercial 
slaughterhouses located near to where animals from Experiment Design IV (AV, RE 
and RG breeds) were raised. Additionally, the CB sample set (n = 12) collected at 24 h 
post mortem already described in Experiment Design II and III were completed with 
eight more giving rise a group of twenty samples (n = 20). Thus, a total of sixty three 
samples were collected from different Spanish local breeds: 18 AV, 20 CB, 14 RE and 
11 RG. All these muscle samples (n = 63) were sorted in groups according to their pHu 
values: (1) high pHu samples over 5.9 (9 AV, 10 CB, 7 RE and 5 RG) and (2) normal 
samples with pHu values below 5.9 (9 AV, 10 CB, 7 RE and 6 RG) (Figure 3.3., 
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Experimental Design V). Sampling procedure was the same as for CB carcasses 
described in Experimental Design II and III. 
 
Figure 3.3. Sample description and representation of Experimental Design V. (AV: Asturiana de los 
Valles; CB: crossbred; RE: Retinta; RG: Rubia Gallega; pHu: ultimate pH). 
3.2 METHODOLOGY  
 
3.2.1 Ultimate pH measurements in muscle tissue 
At 24 h post mortem, measurements of pHu were taken at the 6th rib (LTL muscle) using 
a penetration electrode (CRISON pH/mV-meter 506, CRISON Instruments SA, 
Spain). pHu determinations were performed in Experimental Design II, III, IV and V.  
3.2.2 Protein extraction from muscle tissue 
 
3.2.2.1 Sarcoplasmic sub-proteome 
From each sample group (normal and high pHu meat samples from Experimental 
Design I, II and III), 0.5 g of meat were homogenised in 4 mL of extraction buffer (10 
mM Tris pH 7.6, 1 mM EDTA, 0.25 M sucrose) containing 25 µL of protease inhibitor 
cocktail (P8340, Sigma-Aldrich Co., St. Louis, MO, USA) using an Ultra-Turrax 
(Yellow Line Di 25, IKA-Werke GmbH, Staufen, Germany). The homogenate was 
centrifuged at 20,000 g for 20 min at 4 °C using a Beckman Counter centrifuge (Brea, 
CA, USA) and the obtained supernatant was filtered through a 45 µm PVDF syringe 
filter (Merck KGaA, Darmstadt, Germany). A subsample of 500 µL was stored at -80 
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°C for OFFGEL fractionation/enrichment (enriched extracts), while a subsample of 
100 µL were cleaned up (OMIX 100 µL C18 pipette tips; Agilent Technologies, 
Madrid, Spain) and the recovered ACN eluates were completely evaporated 
(SPD121P Speed Vac concentrator; Thermo Scientific, San Jose, CA, USA equipped 
with a RVT400 refrigerated vapour trap; Thermo Scientific, San Jose, CA, USA) 
previous to in-solution trypsin digestion for direct protein analysis (un-enriched 
extracts). 
3.2.2.2 Myofibrillar sub-proteome 
For the extraction of myofibrillar proteins, 0.5 g of each sample (Experimental Design 
III) were homogenised in 4 mL of extraction buffer (10 mM Tris pH 7.6, 1 mM EDTA, 
0.25 M sucrose) containing 25 µL of protease inhibitor cocktail. The homogenate was 
centrifuged at 20,000 g for 20 min at 4 °C and the retrieved precipitate was washed 
once in 4 mL of extraction buffer and centrifuged again under the same conditions. 
The washed precipitate was further dissolved in lysis buffer (10 mM Tris pH 7.6, 7 M 
urea, 2 M thiourea, 2 % w/v CHAPS, 10 mM DTT) and centrifuged again under the 
same conditions. The obtained supernatant was filtered through glass wool and 
stored at -80 °C for further OFFGEL fractionation. 
3.2.3 Total protein content of muscle tissue 
Muscle sample protein quantification was determined using the Bio-Rad Protein 
Assay Kit (Hercules, CA, USA) following the Bradford method [94] and using a 
calibration curve ranging from 0.05 to 0.8 mg/mL of BSA. Samples were 1:20 or 1:10 
diluted depending on the final concentration.  
3.2.4 Liquid isoelectric focusing of sarcoplasmic and myofibrillar proteins 
Sarcoplasmic and myofibrillar protein samples for OFFGEL fractionation were 
separated according to their pI into 12 liquid fractions using 13 cm IPG strips with a 




Figure 3.4. Visual diagram of the OFFGEL protein fractionation procedure. 
Protein extracts were diluted to a final volume of 2 mL with 1.25X protein OFFGEL 
stock solution (50 % v/v glycerol, 7 M urea, 2 M thiourea, 65 mM DTT and specific 
IPG buffer pH, GE healthcare, Sweden) and submitted to protein 
fractionation/enrichment using an Agilent 3100 OFFGEL fractionator (Agilent 
Technologies, Waldbronn, Germany) following manufacturer’s instructions. IPG 
strips corresponding to a 12-well frame size covering a specific pH range were fixed 
onto the tray and rehydrated for 5 min with 1.25X protein OFFGEL stock solution. 
OFFGEL preparation procedures for specific sarcoplasmic or myofibrillar sub-
proteome characteristics are described in Table 3.1. A total of 150 µL of each diluted 
protein extract were loaded into each well. Fractionation was performed at 20 °C with 
a constant current of 50 µA to reach 20 kVh for about 20 h (depending on sample salt 
concentration). After focusing, the 12 fractions were separately collected from each 
well by pipetting. Fractions directed to gel-based approach were stored at -80 °C for 
further analysis by SDS-PAGE, while samples directed to gel-free approach were 
cleaned up and vacuum desiccated and evaporated as described above before in-
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Table 3.1. pH gradient values in each of the 12-well fractions obtained during separation of 





Fraction pH in the centre 
Lower and 
upper pH 
pH in the centre 
Lower and 
upper pH 
1 3.83 3.59 - 4.08 4.36 4.25 - 4.46 
2 4.32 4.08 - 4.56 4.57 4.46 - 4.67 
3 4.8 4.56 - 5.05 4.77 4.67 - 4.88 
4 5.29 5.05 - 5.53 4.98 4.88 - 5.08 
5 5.77 5.53 - 6.02 5.19 5.08 - 5.29 
6 6.26 6.02 - 6.50 5.4 5.29 - 5.50 
7 6.74 6.50 - 6.98 5.6 5.50 - 5.71 
8 7.23 6.98 - 7.47 5.81 5.71 - 5.92 
9 7.71 7.47 - 7.95 6.02 5.92 - 6.12 
10 8.2 7.95 - 8.44 6.23 6.12 - 6.33 
11 8.68 8.44 - 8.92 6.43 6.33 - 6.54 
12 9.17 8.92 - 9.41 6.64 6.54 - 6.75 
1 One mg of total protein of each sarcoplasmic extract was diluted to a final volume of 2 mL. IPG buffer 
and IPG strips corresponding to a specific pH range 3-10 were used. 
2 Two mg of total protein of each myofibrillar extract was diluted to a final volume of 2 mL. IPG buffer 
and IPG strips corresponding to a specific pH range 4-7 were used. 
3.2.5 Gel-based approach of sarcoplasmic and myofibrillar proteins 
 
3.2.5.1 SDS-PAGE 
The 12 sarcoplasmic/myofibrillar protein fractions obtained from each sample after 
OFFGEL fractionation were subjected to electrophoretic separation under reducing 
and denaturant conditions. SDS-PAGE analyses were carried out in duplicate 
(analytical replica) for each sarcoplasmic/myofibrillar muscle extract (Experimental 
Design II and III). OFFGEL protein samples were diluted (50:50, v/v) with a buffer 
solution (0.5 M Tris-HCl pH 6.8, 50 % v/v glycerol, 10 % w/v SDS, 0.2 M DTT and 0.04 
% w/v bromophenol blue) and heated at 95 °C for 4 min for protein denaturation. 
Samples were centrifuged (2,000 g, 1 min) before loading onto 1.5 mm x 8 cm x 9 cm 
12 % polyacrylamide gels. Each pair of gels (replica) were simultaneously run in a 
Hoefer Mighty Small II SE260 electrophoresis unit (San Francisco, CA, USA) at a 
constant current of 50 mA for 2 h. After electrophoresis, gels were fixed into 12 % 
TCA solution for 1 h and washed twice with bidistilled water for 10 min. Finally, gels 
were stained overnight with colloidal Blue Coomasie [95], destained with bidistilled 
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water and stored under refrigeration conditions before image analysis and in-gel 
trypsin digestion.  
3.2.5.2 Image analysis of gels 
Gel scanning was performed using a LAS-1000 Luminescent Image Analyzer with 
Intelligent Dark Box II (FUJIFILM, Barcelona, Spain). The intensity of each band was 
determined using the freeware Gel Analyzer 2010 software 
(http://www.gelanalyzer.com). Individual band intensities were normalised 
according to the total band volume per gel. Estimated pI and Mr of each band were 
determined from their position in the OFFGEL fractions and their migration in the 
polyacrylamide gel, respectively, comparing to commercial standards ranging from 
14 to 200 kDa (Cat. No. 161-0317, Bio-Rad, Hercules, CA, USA).  
3.2.6 In-gel and in-solution trypsin digestions 
In-gel bands from OFFGEL-SDS-PAGE analysis and in-solution samples from enriched 
OFFGEL protein fractions and un-enriched extracts were digested with trypsin in 
order to elucidate their protein profiles. In a first step, bands showing quantitatively 
significant differences in intensity between normal and high pHu sample groups 
were excised from the gel, cut into pieces and transferred to 0.5 mL Eppendorf tubes. 
They were then washed twice in 50 mM ammonium bicarbonate for 10 min in 
continuous agitation and dehydrated twice with 100 % ACN until shrinking and 
turning opaque. Once the liquid was removed, the remained liquid was evaporated 
using a Speed Vac concentrator. Both in-gel and in-solution dried samples were 
digested overnight at 37 °C with 15 µL of a trypsin solution (Promega, Madison, WI, 
USA) at a 12.5 µg/mL in 50 mM ammonium bicarbonate (pH 8.5) and with continuous 
gentle shaking. After incubation, the liquid coming from in-solution digested samples 
was directly evaporated and stored at -80 °C until further resuspension prior to LC-
MS analysis. The liquid from in-gel digested samples was transferred to clean 
Eppendorf tubes and the remaining peptides were recovered by washing samples 
twice with water/ACN (50:50, v/v) acidified with 0.1 % TFA and sonicated for 15 min 
with Ultrasonic 40000-00301 equipment (Ovan, Barcelona, Spain). This supernatant 
was combined with the previous one and the resulting liquid was evaporated and 
stored at -80 °C until further resuspension prior to LC-MS analysis. 
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3.2.7 Preparation of the internal standard solution and digested samples for 
LC-MS analysis 
 
3.2.7.1 Preparation of the internal standard solution  
A wild almond batch obtained from a local market in Valencia (Spain) was chosen to 
prepare a protein extract [96]. This extract had a protein content of 10 mg/mL as 
determined by the Bradford assay kit. The extract was digested with trypsin (3 h, 37 
°C and pH 7.8) at an enzyme/substrate ratio of 1.0 % (w/w) and centrifuged at 4,000 g 
for 10 min at 4 °C. Supernatants were 1:46 diluted with aqueous 0.1 % TFA and 
aliquots stored at -20 °C until they were spiked into the samples and used as internal 
standard (IS). 
3.2.7.2 Resuspension of in-gel digested samples obtained from OFFGEL-SDS-PAGE 
analysis 
In-gel digested samples from the OFFGEL-SDS-PAGE analysis (Experimental Designs 
II and III) were redissolved in 40 µL of a 0.1 % aqueous TFA solution and transferred 
into LC-MS vials (Figure 3.5A.). This sample set was considered as the 
NORMAL/HIGH pHu OFFGEL-SDS-PAGE batch.  
3.2.7.3 Resuspension of in-solution digested samples from enriched OFFGEL fractions 
In-solution digested samples from OFFGEL protein fractions (Experimental Design I) 
were resuspended in 70 µL of a 0.1 % TFA aqueous solution, and transferred into LC-
MS vials (Figure 3.5B.). Fifty µL of each OFFGEL fraction were mixed with 15 µL of 
the IS solution in Eppendorf tubes (total volume of 65 µL), vortexed and centrifuged 
at 22,000 g for 3 min. Then, these were transferred into LC-MS vials and this set was 
considered as the OFFGEL sarcoplasmic fraction batch. The remaining 20 µL of each 
fraction were collected together (12 fractions x 20 µL = 240 µL). Seventy µL of this 
pool were mixed with 20 µL of the IS solution in a separate Eppendorf tube, vortexed, 
centrifuged (22,000 g for 3 min) and transferred into a LC-MS vial, constituting the 
quality control (QC) batch. The remaining 170 µL of the pooled mix were used to 
construct the calibration curves of targeted peptides as follows: five different volumes 
of the mix ranging from 10 to 50 µL (in 10 µL steps) were individually mixed in 
Eppendorf tubes together with 10 µL of the IS solution and a variable volume of 
aqueous 0.1 % TFA solution to reach a final volume of 60 µL. Tubes were vortexed, 
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centrifuged (22,000 g for 3 min) and transferred into LC-MS vials constituting the 
calibration (CAL) batch. 
3.2.7.4 Resuspension of in-solution digested samples from un-enriched extracts 
In-solution digested samples from un-enriched extracts (Experimental Design III) 
were resuspended in 80 µL of a 0.1 % TFA aqueous solution and transferred into LC-
MS vials (Figure 3.5C.). Fifty µL of resuspended un-enriched replicates were spiked 
with 15 µL of the IS solution, vortexed, centrifuged and transferred into LC-MS vials 
conforming the normal and high pHu replicate (RPL) batch (NORMAL/HIGH-RPL). 
The remaining extracts (30 µL) were pooled together but separating normal from high 
pHu sample sets (6 replicates giving a final volume of 180 µL per set) and the normal 
and high calibration batch (dNORMAL/dHIGH-CAL) was constructed as previously 
indicated in section 3.2.7.3 for the CAL batch. All samples were stored at -80 °C until 
LC-MS analysis. 
  








































































































































































































































































































































































































































































































































































































































































































3.2.8 Liquid chromatography coupled to mass spectrometry analysis 
Chromatographic analyses were carried out in a Thermo Surveyor LC system 
(equipped with a cooled autosampler, quaternary pump, column oven and vacuum 
degasser) coupled to a Thermo LCQ Advantage ion-trap MS analyser with an ESI 
probe operating in positive mode (Thermo Scientific, San Jose, CA, USA). Peptides 
were separated by a 150 x 0.5 mm, 4 µm particle size reverse-phase C18 Phenomenex 
Jupiter Proteo column (Phenomenex Inc., Torrance, CA, USA). Mobile phases were 
solvent A containing 0.1 % FA (v/v) in ultrapure water and solvent B containing 0.1 
% FA (v/v) in ACN with the following separation conditions: initially 0 % B, held for 
15 min, 0-20 % B in 2 min, held for 4 min, 20-40 % B in 1 min, held for 8 min, 40-100 % 
B in 1 min, washing with 100 % B for 8 min and column equilibration at initial 
conditions for 55 min.  
Operating parameters of the ion trap detector for untargeted qualitative/quantitative 
and targeted quantitative peptide analysis merging of full-MS1 and data dependent 
MS/MS (dd-MS2) experiments were the following: ESI operating in positive mode; 
capillary temperature, 250 °C; spray voltage, 4.0 kV; capillary voltage, 15.0 V. First 
scan event was full-MS1 detection in the 400–2000 m/z range. The second scan event 
was a dd-MS2 analysis of the most intense ions with charges from +1 to +4 with the 
following parameters: repeat count for MS/MS of most intense ion, 3; repeat count 
duration, 0.5 min; normalised collision induced dissociation energy, 35 %; minimum 
MS/MS ion intensity threshold, 1x105; exclusion time, 3 min; exclusion mass width, 3 
amu; exclusion list, 25 masses including those from spiked almond IS and 
background noise from a blank injection; number of microscans were 3 and 1 for in-
gel digested samples and in-solution digested samples, respectively; maximum 
injection time were 200 ms and 300 ms for full-MS1 and dd-MS2 experiments, 
respectively.  
Targeted quantitative analysis for hunting potential peptide biomarkers multiplexed 
full-MS1 and SRM MS/MS experiments operating under the same general conditions 
previously described with minimal modifications: number of SRM fragments 
(transitions) monitored per peptide precursor, 3; number of microscans, 1; maximum 
injection time, 200 ms.  
Control of the platform of MS analysis and manual data processing was performed 
using Thermo Xcalibur v2.04 software (Thermo Scientific, San Jose, CA, USA). 
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3.2.9 MS data processing  
 
3.2.9.1 LC-MS identification of selected sarcoplasmic/myofibrillar protein bands from 
OFFGEL-SDS-PAGE analysis 
Identification of significantly different sarcoplasmic/myofibrillar protein bands from 
in-gel digested samples of NORMAL/HIGH pHu OFFGEL-SDS-PAGE batch 
(Experimental Design II and III) were performed merging full MS1 and dd-MS2 
analyses. Thus, untargeted qualitative peptide analysis was done by interrogating dd-
MS2 data obtained from tryptic peptides against Uniprot KB v2017_11 
(www.uniprot.org) and NCBIprot v20170428 protein databases. To do so, Mascot v2.3 
search engine was used applying the following parameters: enzyme, trypsin; no fixed 
or variable modifications but “Error tolerant” option enabled; mass accuracy was set 
to 1.2 and 0.8 Da for full MS1 and dd-MS2 analyses, respectively; taxonomy restriction 
parameter, Mammalia. The decoy option was used to estimate the false positive rates 
by means of False Discovery Rate threshold of 1 %. For identification of protein 
families obtained from Mascot, only those having a protein score derived from 
individual ion scores indicating identity or extensive homology (P ≤ 0.05) were 
considered as true protein identifications.  
3.2.9.2 Direct LC-MS analysis of OFFGEL fractions obtained from sarcoplasmic extracts 
Untargeted qualitative and targeted quantitative analysis from in-solution digested 
sample of enriched OFFGEL protein fractions was carried out following the 
Experimental Design I. In a first approach, untargeted qualitative analysis was 
performed by interrogating a dd-MS2 data from OFFGEL batch as described 
previously in section 3.2.9.1. Tryptic almond peptides of the IS solution were partially 
characterized with operating parameters mentioned above but using the ‘green 
plants’ option as a taxonomy restriction parameter.  
In a second approach, targeted peptide quantification was carried out following the 
next steps. First of all, full-MS1 data from OFFGEL batch was manually processed 
using Xcalibur freeware to study peak symmetry of signals corresponding to peptides 
that positively covered previously identified proteins by untargeted qualitative 
analysis. Considered mass tolerance was 0.5 Da and assignments were manually 
checked by matching experimental dd-MS2 breakdown patterns with those detailed 
in Mascot search engine. By this way, an in-house library was built, listing intact 
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masses and respective retention times of those identified peptides having an 
acceptable peak shape. The database also listed 16 known/unknown peptides 
included in the IS used to normalise quantitative results.  
It is noteworthy to mention that proteomic research by LC-MS detection is 
traditionally utilised to perform qualitative analysis, since many signals have poor 
chromatographic-related features (i.e., peak shape, limited number of scans) 
compromising quantitative results. Considering the above, a preliminary screening 
was performed to optimise the scan rate of the MS system to further address the 
automated quantitative analysis of batches studied (QC, CAL and OFFGEL batches). 
Freeware MZmine 2 v.2.53 (https://github.com/mzmine/mzmine2/releases) was 
selected for this purpose since it exhibited important advantages yielding comparable 
results than those from manual Xcalibur processing. After that, a more detailed 
validation of automated quantitative analysis of QC data was carried out loading 
aforementioned in-house library. This validation was performed by comparing 
manually and automatically processed data obtained by Xcalibur and MZmine 
freeware, respectively. Then, integrated peak areas of positive assignments 
(sarcoplasmic peptides and IS) obtained from QC analysis were used to perform the 
automated quantitative analysis and to test linearity of CAL batch. The final step of 
the proposed proteomic pipeline was the automated quantification of OFFGEL batch 
considering these peptides that exhibited acceptable peak areas. Integrated peak areas 
of positive assignments from QC, CAL and OFFGEL analysis were normalised by the 
closest IS eluted (analyte/IS ratio) to relatively quantify samples. Differences in the 
election of IS normalisers among batches can occur since averaged retention times of 
assignments varied due to different injection volumes assayed.  
3.2.9.3 Development of a SRM MS/MS approach for the direct LC-MS analysis of 
sarcoplasmic extracts (un-enriched samples) 
Once automated quantitative analysis was optimised as described above, direct 
analysis of sample extracts was carried out without any previous 
enrichment/fractionation step (Experimental Design III). Untargeted 
qualitative/quantitative peptide analysis from NORMAL/HIGH-RPL batch was 
carried out processing full-MS1 and dd-MS2 data as previously described in sections 
3.2.9.1 and 3.2.9.2 with minimal modifications. Briefly, untargeted qualitative analysis 
was done by interrogating dd-MS2 data using the Mascot search engine. Untargeted 
quantitative full-MS1 analysis was performed using MZmine freeware loading the 
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aforementioned library. Integrated peak area ratios of signals were normalised by 
their closest IS eluted to relatively quantify samples.  
From the preliminary untargeted full-MS1 quantitative approach of RPL batch, a list 
of potential peptide biomarkers was built according to their apparent discrimination 
features (very high, moderate and none), constituting the SRM library. First, relative 
quantification of full-MS1 data using the automated MZmine freeware yielded the 
initial screening of feasible biomarkers constituting the SRM library. Then, manual 
inspection of dd-MS2 results provided by Mascot search engine was also performed 
to improve the selection of SRM segments in terms of sensitivity and specificity. These 
databases collected the tentative identification of potential peptide biomarkers 
(according to their protein of origin) and their intact mass values (m/z of precursors). 
Also, these libraries included m/z of three specific SRM fragments from their 
breakdown patterns and the windowed SRM scan event segments according to the 
retention time of peptides provided by the preliminary untargeted full-MS1 analysis. 
Since the scan rate of the LC-MS detector used could limit the extension of SRM assay, 
monitored transitions were windowed across the chromatogram according to the 
retention time of candidates.  
Once the SRM library was built, automated targeted quantitative analysis of SRM 
data (from NORMAL/HIGH-RPL and -CAL batches) was performed by the freely 
available Thermo Scientific FreeStyle v.1.6 software 
(https://thermo.flexnetoperations.com/). Optimization of FreeStyle settings was 
manually approached by Xcalibur since both freeware share the same algorithm of 
analysis (ICIS) yielding comparable results. Both, FreeStyle and Xcalibur options, 
generated one single SRM chromatographic peak corresponding to the automatic 
summation of signals from all three full-scan MS/MS transitions (integrated peak 
areas) belonging to the same peptide precursor. Integrated peak area ratios of 
targeted peptides were normalised by closest IS eluted to relatively quantify SRM 
data.  
3.2.10 Determination of caspase activity 
 
3.2.10.1 Optimization of protein extraction buffer 
For caspase extraction, 0.5 g of sample (Experimental Design I) was homogenised 
with four different extraction buffers (Table 3.2.) to optimise the caspase activity 
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assay. Buffer A was selected since it is a common buffer normally employed to carry 
out the extraction of sarcoplasmic proteins from muscle tissue [62,97]. The other three 
buffers are commonly used for caspase extraction from intracellular membranes 
[98,99]. Once protein extraction buffer was chosen to perform the rest of refinements, 
homogenates were centrifuged at 20,000 g for 20 min at 4 °C. Supernatants were 
filtered through 0.45 µm PVDF syringe filter and stored at -80 °C until analysed.  
Table 3.2. Types of extraction buffers tested for caspase extraction. 
 Buffer A Buffer B Buffer C Buffer D 
Sucrose (M) 0.25 0.29 0.29 0.29 
HEPES, pH 7.5 (mM) - 10 10 10 
Tris, pH 7.6 (mM) 10 - - - 
EDTA (mM) 1 1 1 1 
Brij 35® (%) - 0.03 0.03 0.03 
PMSF (mM) - 1 1 1 
Protease Inhibitor Cocktail (µL) 25 - - - 
MgCl2 (mM) - 5 5 - 
KCl (mM) - 10 - - 
Final volume1 (mL) 4 2 2 2 
1 Final volume to homogenise 0.5 g of muscle. 
3.2.10.2 Optimization of experimental conditions for fluorogenic determination of caspase 
3/7 activity 
The following experimental solutions were used: 
Reaction buffer: Final composition of selected reaction buffer was 0.29 M sucrose, 0.1 
M NaCl, 50 mM HEPES, 0.1 % CHAPS and 1 mM EDTA. Solution was adjusted to pH 
7.5 with 50 % HCl.  
Substrate and DTT stock solutions: A substrate stock solution was prepared 
dissolving 5 mg of commercial Ac-DEVD-AMC substrate in 1.48 mL of DMSO with a 
final concentration of 5 mM and kept at -20 °C until used. Similarly, a DTT stock 
solution was prepared by dissolving 154 mg of DTT in 20 mL of the reaction buffer 
and then stored in aliquots at -80 °C until analysed.  
Fluorogenic determination of caspase 3/7 activity 
The present protocol improved the original fluorescence assay of Stennicke and 
Salvesen [100] with the aim to enhance sensitivity, flexibility, linearity and 
affordability of the caspase assay. As aforementioned, different extraction buffers 
(Table 3.2.), together with DTT and enzyme-substrate conditions (Table 3.3.) and 
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main instrumental settings (excitation/emission wavelengths and gain multiplier; 
Table 3.4.) were tested for method optimization.  
Table 3.3. Experimental conditions tested to determine caspase 3/7 activity in sarcoplasmic 
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1 Volume of DTT in each well was 20 µL. 
2 Volume of Ac-DEVD-AMC in each well was 50 µL. 
For the different conditions tested, the caspase enzyme reaction took place in a 96-
microtiter-well plate following this procedure: sarcoplasmic extracts (30 or 50 µL) 
were pre-incubated for 30 min at 37 °C in the presence of DTT as reducing agent (20 
µL). Enzyme reaction started with the addition of the substrate solution (50 µL, zero 
time) and fluorescence intensity was monitored every 2 min over 30 min at 37 °C 
using a CLARIOstar microplate fluorometer (BMG LABTECH GmbH, Ortenberg, 
Germany). Analyses were performed in triplicate and results were expressed as mean 
values of relative fluorescence units (RFU) from the three analytical replicates 
(fluorescence range from 0 to 260,000 RFU). Additionally, three biological replicates 
were used and standard deviations and coefficients of variation were calculated in 
order to validate the assay. 
Table 3.4. Instrumental conditions tested to optimise fluorogenic 
















3.2.10.3 Comparison between the optimised and the commercial fluorogenic 
determinations of caspase 3/7 activity 
Performance of the optimised protocol was compared with a commercial kit 
previously used by Huang et al. [98] to determine caspase 3/7 activity in meat extracts 
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based on the same substrate (Ac-DEVD-AMC). Experimental conditions of the 
commercial kit were the once indicated by the manufacturer. Protocols were 
compared in terms of sensitivity, linearity and accuracy. 
Once the protocol for caspase 3/7 was optimised, samples from Experimental Design 
IV and V were analysed. In addition to caspase 3/7 activity, the activity of caspase 9 
was also determined by using the fluorogenic substrate Ac-LEHD-AMC and 
following the optimised conditions described for caspase 3/7 activity. 
3.3 DATA TREATMENT, STATISTICAL ANALYSIS AND STUDY OF BIOLOGICAL 
FUNCTION 
 
3.3.1 Data treatment and statistical analysis 
Statistical analysis was conducted using SPSS statistical software (version 25.0, New 
York, USA). Normality and homoscedasticity were checked by Shapiro-Wilk and 
Leven´s test, respectively.  
The univariate non-parametric Mann-Whitney test and parametric t-student test were 
applied to compare the protein band intensities and normalised SRM results, 
respectively, from NORMAL/HIGH pHu OFFGEL-SDS-PAGE and 
NORMAL/HIGH-RPL batches. Significant level was declared at P ≤ 0.05.  
Multifactorial analysis of variance (ANOVA) was applied to study the differences on 
caspase 3/7 and 9 activity depending on the factors studied (breed, production 
system, transport/lairage conditions, post mortem time and pHu). To do so, caspase 
activity data from Experimental Design IV were subjected to Linear Mixed Model 
procedures of ANOVA considering the individual animal as a subject and carcass 
weight as a covariate in the model. Caspase activity (3/7 and 9) data were analysed 
using breed, production system and transport as fixed factors and post mortem time 
as a repeated measure factor. Production system was nested within breed and 
transport was nested within production system and breed. For muscle pHu, the effect 
of post mortem time was excluded from the model. The parameters of the model were 
estimated using the restricted maximum likelihood method and the Huynh-Feldt 
matrix was selected for the repeated measures covariance structure following the 
Akaike information criterion. In contrast, caspase activity (3/7 and 9) data from 
Experimental Design V were subjected to the General Linear Model of ANOVA 
considering breed and pHu as fixed factors. Additionally, for both models used, least 
Chapter 3. Materials & Methods 
40 
square means of dependent variables for the levels of fixed factors were compared 
using the LSD test. Significance level was declared at P ≤ 0.05.  
For multivariate analysis of data, principal component analysis (PCA) as an extraction 
method, was also performed on a correlation matrix of selected variables using SPSS 
and XLSTAT 2010.5.02 software (Addinsoft, Paris, France). The two dimensional 
coordinate systems defined by the first two principal components (PCs) was used to 
study the distribution of each sample according to the intensity of selected protein 
bands from NORMAL/HIGH pHu OFFGEL-SDS-PAGE batch. Same PCA strategy 
was also applied to full-MS1 data and normalised SRM results of NORMAL/HIGH-
RPL batch to create the SRM library and to study sample distribution according to 
SRM results, respectively. Variables with communality values over 0.6 were included 
and rotated PCs (extracted by Varimax analysis) explaining over 5 % of the variance 
were selected. 
Relative change (RC) coefficient was estimated in normalised SRM results of 
NORMAL/HIGH-RPL batch to assess the peptide quantitative change between 
normal and high pHu groups. This coefficient was calculated using Least Square 
Means (LSM) values of peptides as follows: 
RC = dLSM / |LSMHigh| 
in where dLSM is a measure of the differential normalised peak areas between the 
normal and high pHu groups. RC coefficient ranges between -1.0 and +1.0 and takes 
zero value when intensity change is absent. 
Comprehensive analysis of proteomics data was performed by Perseus software 
v.1.6.5.0 (http://www.perseus-framework.org) that allowed hierarchical clustering 
[101]. Matrix data from normalised SRM results of NORMAL/HIGH-RPL batch was 
previously transformed (2x log) and missing values were replaced by random 
numbers that were drawn from a normal distribution. Hierarchical clustering of 
peptides (rows) and biological replicates (columns) from each sample set 
(NORMAL/HIGH-RPL) were used to design a heat map representation of the 
clustered matrix using Euclidean distance for both row and column trees. 
3.3.2 Study of biological function 
Each of the identified protein showing statistical differences between normal and 
high pHu sample sets (from either OFFGEL-SDS-PAGE or RPL batch) was classified 
according to its biological function using Gene Ontology (GO) term from AmiGO 
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website (http://amigo.geneontology.org/amigo/). Moreover, protein-protein 
interactions were assessed to elucidate protein networks using STRING v.10.5 
freeware software (ELIXIR, Wellcome Genome Campus, Hinxton, Cambridgeshire, 
UK, https://string-db.org) and open source platform Cytoscape [102]. Bos taurus 







4 RESULTS AND DISCUSSION  
 
Muscle conversion to meat is a complex process and the responsible for the 
development of meat quality attributes. Despite numerous studies carried out over 
decades addressing different factors affecting beef quality, the lack of uniformity in 
quality of meat products reaching the market is still a major problem for the industry. 
In relation to this, several biochemical processes (i.e., energy metabolism, proteome 
changes or cell death processes) still remain unclear and deserve further attention, 
especially in ruminant species. The reason for this is undoubtedly the complexity and 
multi-factorial factors influencing meat quality characteristics. Although many 
factors are responsible for the occurrence of defective meats, such as high pHu meats, 
animals suffering from PSS conditions are the most relevant contributors. It is 
worldwide recognized that pH values over 6.0 at 24 h post mortem are intimately 
associated to animals that suffered from PSS [45] providing, most of the times, DFD 
meats [39], and therefore, pHu is a highly important quality control measurement for 
the meat industry [41] which is routinely employed as a method to detect defective 
meats. However, meats with high pHu values do not always relate to true DFD 
defective meats [46] and, therefore, alternative and more reliable approaches are 
nowadays highly demanded in order to face this problem. In this regard, several 
approaches have been tested in the present thesis in order to elucidate protein 
biomarkers that could relate to aforementioned defective meats. 
4.1 PROTEOMIC APPROACH 
Proteomics has become a powerful tool to unveil reliable protein biomarkers related 
to defective meats [103,104] and, therefore, capable to predict these type of meats. 
Most proteomic approaches addressing this type of meats (with high pHu) from beef 
cattle are based on the study of total protein extracts [79,80]. In this sense, it is known 
that sarcoplasmic proteins (i.e., stress/defence proteins, metabolic enzymes) are the 
ones mainly related to stress and metabolic proccesses, although studies reporting 
changes in myofibrillar proteome are scarce and deserve further investigation [16]. 
Moreover, the idea to deepen on the study of myofibrillar sub-proteome is supported 
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by the fact that texture properties are notably altered in high pHu meats in 
comparison to normal meats. 
4.1.1 Gel-based approach: OFFGEL-SDS-PAGE-LC-MS analysis 
As a starting point, in the present work, changes occurring in both, sarcoplasmic 
(Publication I, see Appendix I) and myofibrillar (Publication II, see Appendix II) sub-
proteomes, of normal (< 6.0) and high (> 6.0) pHu bovine meats were studied in order 
to elucidate main biochemical pathways responsible of pHu that could produce DFD 
type of meats. Thus, normal and high pHu samples of bovine LTL muscle sampled at 
early post mortem times (24 h) were analysed by gel-based proteomic approach 
consisting on OFFGEL fractionation/enrichment followed by SDS-PAGE and LC-MS 
analysis. The proposed OFFGEL-SDS-PAGE-LC-MS methodology was previously 
implemented in our laboratory [77], which has demonstrated to be suitable for the 
study of muscle sub-proteome. Therefore, it was expected that this proteomic strategy 
would facilitate the characterization of different proteins as reliable biomarkers that 
could contribute to the quality assessment of commercialized meat and meat 
products.  
Overall, protein distribution profiles achieved by OFFGEL-SDS-PAGE enrichment 
were highly reproducible in all retrieved fractions, enabling the study and 
comparison of sarcoplasmic and myofibrillar proteome between normal and high 
pHu meat samples. While sarcoplasmic proteins were mostly focused along neutral 
and basic fractions (fractions 6 to 12, Figure 4.1A.), myofibrillar proteins were 
distributed in all fractions (fractions 1 to 12, Figure 4.2A.).
4.1.1.1 Study of the sarcoplasmic sub-proteome 
The study of sarcoplasmic sub-proteome revealed that the abundances of five 
proteins (A to E bands), which were further identified by LC-MS, were significantly 
different between normal and high pHu meats (P ≤ 0.05). Abundance of PGM1 (see 
Protein Nomenclature) was significantly higher, whereas ACTA1 was significantly less 
abundant in normal samples compared to high pHu samples. Interestingly, it was 
observed that CRYAB, HSPB6 and HSPB1 were only present in high pHu sample 
group (Figure 4.1B.). Additionally, the PCA representation of factor scores of each 
sample (animal) according to the intensity of each selected band (A to E) clearly 
discriminated between normal and high pHu sample groups, indicating that several 
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of these proteins could be considered as potential indicators of high pHu meats 
(Figure 4.1C.). These proteins were, moreover, classified according to their biological 
role as chaperones/HSPs (CRYAB, HSPB6 and HSPB1), metabolic (PGM1) and 
structural (ACTA1) proteins. Among those proteins and under normal conditions 
(pHu < 6.0), ACTA1 was the only one that exhibited a poor aqueous solubility 
although high pHu values (over 6.0) enhanced its solubility making this protein more 
easily detectable in the soluble extracts of high pHu samples [81,105,106]. This is in 
good agreement with the results obtained by Mahmood et al. [16] since they also 
found actin up-regulation in high pHu meat samples. Keeping in mind that animals 
that suffered PSS condition have depleted glycogen stores before slaughter, the 
regulation levels of glycolytic enzymes will be different between normal and high 
pHu meats as in the case of PGM1. In this sense, other studies found a down-
regulation of PGM1 in high pHu samples [84]. However, its activity might also 
depend on its phosphorylated form, which is also influenced by differences in meat 
pHu [79]. It is well-known that HSPs play a major role as essential molecular 
chaperones involved in several mechanisms (i.e., stress response, actin stability, 
apoptotic signalling pathway) interacting with damaged proteins to preserve their 
function under stressful conditions [107,108]. Taking into account their protective 
role, animals suffering from PSS condition may have a great abundance of HSPs to 
avoid the activation of apoptosis signalling pathways and hindering the activity of 
caspases. Moreover, the overabundance of HSPs and their relation with actin stability 
could explain the up-regulation of ACTA1 in high pHu meat samples. In this regard, 
other authors also observed an increased regulation levels of several HSPs in high 
pHu meat samples [15].  
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Figure 4.1. (A) 12 % SDS-PAGE of sarcoplasmic fractions obtained after OFFGEL 
enrichment/fractionation (3-10 pH range) from normal and high pHu meat samples. Std: Molecular 
standard. (B) Mean values of abundances of the five selected sarcoplasmic protein bands obtained by 
image analysis in normal (■, n = 14) and high pHu (□, n = 6) meat sample groups. Error bars indicate the 
standard deviation for each group. (C) Animal sample distribution on the two-dimensional coordinate 
system defined by principal component (PC) 1 and 2. Each point represents an individual sample 
obtained from a specific breed (● AV: Asturiana de los Valles animals;  ● N-CB: normal crossbred 
animals; ■ H-CB: high pHu crossbred animals) or the proposed PSS protein biomarkers (○). 
4.1.1.2 Study of the myofibrillar sub-proteome 
Regarding the study of myofibrillar sub-proteome, the abundances of four proteins 
(A to D bands) were significantly different (P ≤ 0.05) between normal and high pHu 
samples (Figure 4.2B.). Further LC-MS analysis confirmed the identification of DES, 
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While DES, PKM and MYL1 were more abundant in normal compared to high pHu 
meat samples, both MYH1 and MYH2 isoforms were up-regulated in high pHu 
samples. Again, PCA analysis showed that normal and high pHu meat samples were 
clearly separated through the PC1 according to proposed pHu proteins biomarkers 
(DES, PKM, MYL1, MYH1 and MYH2) (Figure 4.2C.). As previously indicated, 
myofibrillar fraction is mainly integrated by structural (insoluble) rather than 
metabolism (soluble) proteins but the presence of soluble proteins in the myofibrillar 
fraction has been described [106]. This can be explained considering protein solubility 
changes induced by pH reduction and the high temperature at early post mortem stage 
[109], which can cause protein denaturation and aggregations that precipitate onto 
myofibrils [110]. Changes in protein solubility could be the reason for the higher 
abundance of PKM in normal pHu samples, however, it also interesting to note that 
PKM plays a key role in glycolysis pathway. Considering the glycogen depletion 
occurring in cattle suffering PSS conditions might be related to reduced concentration 
and/or activity of muscle glycolytic enzymes during post mortem phase [16], this could 
also explain different abundance of PKM between normal and high pHu meat 
samples. Due to high meat pHu allows proteolytic enzymes to increase the hydrolysis 
of myofibrillar proteins such DES or MYL1 [111-113], the abundance of these proteins 
should be lower in meat samples with high pHu compared to normal meat samples 
as observed in the present study. In addition, greater oxidative stress and ROS 
production in animals that suffered PSS condition [15,84] have been associated to 
higher myofibrillar proteolysis due to calpain and caspase systems, resulting in a 
greater myofibrillar degradation [114]. Despite these explanations, more research is 
needed as up and down-regulated myofibrillar proteins have been reported in both 
types of meat samples, normal and high pHu [79,80]. On the other hand, MYH1 and 
MYH2 isoforms showed higher abundance in high pHu compared to normal meat 
samples. The myosin isoforms present in a muscle are related to its fibre type. Taking 
into account that both isoforms (2a and 2x) are predominant in fast-twitch oxidative-
glycolytic fibres (fibres type IIA), obtained results were logical considering that fibre 
type II have been described to display lower rates of pH decline compared to type I 
fibres [22]. Moreover, fibre type IIA (rich in 2a isoforms) seems to be positively related 
to the production of dark cutting (high pHu) meat caused by PSS as previously 
reported [26,115,116]. Anyway, further investigations are required in order to better 
understand the role that these isoforms play in animals suffering PSS. 
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Figure 4.2. (A) 12 % SDS-PAGE of myofibrillar fractions obtained after OFFGEL 
enrichment/fractionation (4-7 pH range) from normal and high pHu meat samples. Std: Molecular 
standard. (B) Mean values of abundances of the four selected myofibrillar protein bands obtained by 
image analysis in normal (■, n = 6) and high pHu (□, n = 6) meat sample groups. Error bars indicate the 
standard error of the mean for each group. (C) Animal sample and protein distribution on the two-
dimensional coordinate system defined by principal component (PC) 1 and 2. Each point represents 
either an individual sample obtained from a crossbred animal (● N-CB: normal pHu samples; ■ H-CB: 
high pHu samples) or the proposed PSS protein biomarkers (○). 
4.1.2 Gel-free approach: OFFGEL-LC-MS analysis 
As a second step of the present work, several different proteomic approaches were 
studied in order to evaluate their usefulness to analyse bovine meat sub-proteome. In 
this regard, it was clearly demonstrated that the use of OFFGEL as a preliminary 
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allowed protein discrimination between normal and high pHu meat samples (see 
4.1.1 section). In general, OFFGEL enrichment has received positive feedbacks as 
promising results have been achieved when directly coupled to a LC-MS, but the 
implementation of an automated processing of MS data in quantitative proteomics is 
still a limitation. Thus, there is a need for a robust, easy, affordable and reliable 
approach supported by LC-MS for an automated qualitative/quantitative protein 
research. In this sense, in the present work, the potential use of OFFGEL enrichment 
coupled to LC-MS as a gel-free proteomic approach was considered (Publication III, 
see Appendix III) where complementary automated qualitative/quantitative strategies 
combining full-MS1 and ddMS2 experiments were evaluated to analyse MS data 
(Figure 4.3.). 
Regarding untargeted protein qualitative analysis, dd-MS2 data from OFFGEL 
samples were interrogated using Mascot search engine and yielding an unambiguous 
identification of 47 sarcoplasmic proteins. The majority of identifications belonged to 
Bos taurus species with only six exceptions since used protein databases 
(UniprotKB/SwissProt and NCBIprot) did not include the sequence information of 
several proteins from bovine species. On the other hand, the implementation of 
targeted peptide quantitative approach was more complex due to the involvement of 
different validation steps (QC, CAL and OFFGEL batches; see 3.2.7.3 and 3.2.9.2 
sections).  
First of all, full-MS1 data from OFFGEL batch corresponding to peptides that 
positively covered previously identified proteins (untargeted qualitative analysis) 
was used to build an in-house library. A first validation step demonstrated that peak 
area integrations of peptides reached by MZmine and Xcalibur were comparable 
throughout QC samples. Then, a confidence threshold was established to 
automatically integrate peak areas above 7x106 which was similar to manual 
processing and yielding reproducible results with acceptable deviations. However, 
under the present conditions, this methodology was limited to medium- and highly-
abundant peptides (> 7x106 peak areas). Next step was to test linearity of those 
sarcoplasmic peptides that exhibited acceptable results (CV ≤ 25 %) in the QC 
experiment. In this line, the automated quantitative analysis of CAL batch yielded 18 
calibration curves of bovine peptides, finding that achieved linearity was rather good 
in all cases (r2 ranged between 0.95 and 0.99). These results from pooled samples (QC 
and CAL batches) may suggest feasibility of direct quantitative peptide analysis of 
raw (un-enriched/un-fractionated) protein extracts after the preliminary qualitative 
approach.  
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The final step of the proposed study was to perform an automated quantitative 
analysis of peptides with peak areas above 7x106 from OFFGEL batch. The sum of 
relative abundances of those peptides belonging to the same parent protein enabled 
visualization of 20 muscle sarcoplasmic proteins over OFFGEL fractionation. Results 
were comparable to those regarding the same proteins previously characterized by 
the untargeted qualitative study. Interestingly, normalized protein abundances 
generally followed the same trend as Mascot scores, suggesting that higher protein 
abundances were correlated with higher scores. It is worth noting that the number of 
proteins found in the OFFGEL batch is lower since many of the peptides identified 
by Mascot analysis had a poor chromatographic response, thus hindering further 
quantitative analysis. Moreover, the automated quantitative processing of OFFGEL 
sample data was also constrained by confidence threshold of integrations, which 
evidently compromised the determination of peptides with low abundances. On the 
other hand, the identification of peptides in OFFGEL experiment, previously not 
observed in the QC study, demonstrated the effectiveness of OFFGEL fractionation 
as a protein enrichment strategy.  
Independently of the different experimental conditions assayed to analyse sample 
batches, ratios among closest IS must remain constant among studied batches. In 
general, averaged ratios from different batches were comparable, confirming the 
reliability of the proposed methodology (in general, average CV ≤ 20% considering 
20 replicates; data not shown).  
 
Figure 4.3. Diagram of the methodology proposed in the present study: gel-free pipeline combining 
untargeted qualitative and targeted quantitative analysis of QC, CAL and OFFGEL samples through 
ddMS2 and full-MS1 approaches. (CV: coefficient of variation; CAL: calibration; QC: quality control).  
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4.1.3 Gel-free approach: direct LC-MS analysis 
As a third step of the present work, the bovine sarcoplasmic sub-proteome was 
studied using an innovative gel-free LC-MS proteomic approach with the aim to 
identify biomarkers capable to differentiate meat samples groups, normal and high 
pHu. It was demonstrated that OFFGEL fractionation followed by LC-MS analysis 
allowed simultaneous qualitative/quantitative analysis of bovine proteome (see 
section 4.1.2). However, inclusion of the OFFGEL enrichment step increases the 
sample processing time while limitations associated to LC-MS methodology 
introduce uncertainties in peptide quantification, complicating the analysis. In this 
respect, targeted LC-MS strategies based on SRM analysis can greatly simplify 
routine analysis of previously characterized peptides because of its high sensitivity 
and specificity avoiding tedious enrichment/purification steps. Furthermore, the 
accuracy of SRM determinations overcome uncertainties of low resolution MS. This 
was tested with un-enriched extracts (NORMAL/HIGH-RPL sample batch) that were 
analysed by a conventional ion-trap featuring a preliminary full-MS1 and ddMS2 
untargeted approach to search for potential biomarker candidates, followed by a 
targeted SRM assay to accurately test their discrimination efficiency (Publication IV, 
see Appendix IV). 
A preliminary untargeted qualitative/quantitative peptide approach merging full-
MS1 and ddMS2 data from NORMAL/HIGH-RPL sample batch was carried out to 
create a SRM library and tentatively identifying 24 potential peptide biomarkers. It 
must be highlighted that from the 24 biomarker candidates proposed by preliminary 
full-MS1 analysis, only one had an erratic behaviour and was discarded for further 
SRM research. From this, targeted quantitative analyses of NORMAL/HIGH-RPL and 
NORMAL/HIGH-CAL batches were performed through the automated analysis of 
SRM data. Seventeen peptides showed significant differences (P ≤ 0.05, Table 4.1.) 
between the two groups assayed (NORMAL/HIGH-RPL) with generally higher 
values in high pHu compared to normal samples, and with positive RC coefficients 
(Figure 4.4.). Only those peptides with statistically non-significant differences in the 
analysis of replicates had noticeable RC deviations (Figure 4.4.).   
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Table 4.1. Normalised SRM 1 and 2 results (LSM ± SEM, arbitrary units) from peptides obtained from 
normal (n = 6) and high (n = 6) pHu meat samples (NORMAL/HIGH-RPL batch).  
Peptide IDa m/z RT Normal High SEM P-valueb Acronym
c 
Myoglobin-2 629.4 2.2 0.175 0.273 0.025 0.043 MB-2 
Galectin 1-1 968.5 2.4 0.00626 0.0168 0.00266 0.016 LGALS1-1 
Actin-1 978.6 2.5 0.0178 0.0665 0.0093 0.006 ACTA1-1 
Beta-enolase-1 941.7 2.7 0.0992 0.235 0.0287 0.007 ENO3-1 
Phosphoglycerate kinase 1-1 734.3 2.7 nd 0.0357 0.0047 0.001 PGK1-1 
Beta-enolase-2 1296.3 3.0 0.00694 0.00815 0.00150 ns ENO3-2 
Phosphoglucomutase 1 907.5 3.2 0.0276 0.0469 0.0064 ns PGM1 
Triosephosphate isomerase-2 770.5 4.8 nd 0.0285 0.0126 0.001 TPI1-2 
Creatine kinase M-1 998.3 5.1 0.110 0.238 0.033 0.009 CKM-1 
alpha/beta-enolase-3 903.2 63.3 0.488 0.673 0.068 ns ENO1 
Triosephosphate isomerase-4 802.1 66.1 0.245 0.473 0.051 0.012 TPI1-4 
Creatine kinase M-2 754.8 66.2 0.0556 0.142 0.0257 0.016 CKM-2 
Creatine kinase M-3 893.5 66.3 0.0647 0.194 0.0270 0.005 CKM-3 
Actin-2 1123.5 66.8 0.00603 0.0211 0.00398 0.010 ACTA1-2 
Phosphoglycerate kinase 1-2 1056.4 67.6 0.351 0.470 0.033 ns PGK1-2 
Phosphoglycerate mutase 2 821.6 67.8 0.282 0.377 0.040 ns PGAM2 
Phosphoglycerate kinase 1-4 1012.2 68.4 0.0604 0.102 0.0097 0.010 PGK1-4 
Adenylate kinase isoenzyme 1 1031.5 69.0 0.0333 0.0406 0.0023 ns AK1 
Heat shock prot b6-1 850.7 71.5 nq 0.187 0.071 0.001 HSPB6-1 
Heat shock prot b6-2 1275.5 71.9 nd 0.0688 0.0240 0.001 HSPB6-2 
Galectin 1-2 863.2 72.1 nd 0.00608 0.00224 0.001 LGALS1-2 
Malate deshydrogenase-2 893.0 72.3 nd 0.00259 0.00045 0.001 MDH1 
Heat shock prot b1 1597.5 73.2 nd 0.0140 0.0041 0.001 HSPB1 
LSM, least square mean, SEM, standard error of the mean; nd, not detected; nq, not quantified; ns, not significant. 
a Peptide identification.  
b Statistical differences were declared at P ≤ 0.05. 
c Entire acronym corresponds to the peptide name and the part highlighted in bold refers to the corresponding 
parent protein. 
Interestingly, 6 peptides were only found in studied high pHu replicates and, from 
them, only HSPB1 was previously reported to be exclusive of high pHu meat samples 
(Publication I, see section 4.1.1.1). In contrast, peptide HSPB6-1 (m/z at 850.7), found 
to be exclusive of high pHu meats in the previous approach (Publication I, see section 
4.1.1.1), it was observed in low abundance and only in 3 out of 6 replicates of normal 
meat samples, evidencing the usefulness of SRM analysis compared to less specific 
LC-MS untargeted alternatives previously used (Publication I and II, see sections 
4.1.1.1 and 4.1.1.2). Moreover, calibration curves obtained from the analysis of 
NORMAL/HIGH-CAL batch revealed that better results were achieved in terms of 
number of signals and linearity in high pHu meat samples (data not shown). The 
analysis of CAL batch also confirmed that these 6 peptides were only found in HIGH-
CAL sample group as previously shown by HIGH-RPL samples. In any case, 
NORMAL/HIGH-CAL assay demonstrated robustness of SRM determinations and 
confirmed reliability of results from the replicates batch study.  
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Figure 4.4. Quantitative changes between normal and high pHu meat samples of RPL batch as assessed 
by the RC coefficient. 
In order to visually explain individual sample and peptide distribution from SRM 
assay between the two groups (NORMAL/HIGH-RPL), a PCA analysis and a heat 
map were performed. PCA depicting meat samples distribution according to the 
normalised SRM results of the 23 peptides showed that normal and high pHu 
replicates were clearly separated by PC1. Whereas high pHu samples had positive 
factor scores, normal pHu samples showed negative factor scores (Figure 4.5A.). The 
representation of individual regulation level of peptides in a heat map with 
hierarchical clustering allowed the classification of samples. Peptides (rows) were 
grouped in two main clusters depending on their regulation levels, being peptides of 
cluster 1 (top) down-regulated compared to those of cluster 2 (bottom). Similarly, 
biological sample replicates (columns) were grouped in two clusters (normal and 
high pHu) according to differences on peptide abundance. Overall, peptides showing 
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Figure 4.5. (A) Animal sample distribution on the two-dimensional coordinate system defined by the 
principal component (PC) 1 and 2. Each point represents an individual sample obtained from a crossbred 
animal (● N-CB: normal pHu samples; ■ H-CB: high pHu samples. (B) Heat map showing the 
normalised SRM results of peptides from each biological replicate.
After demonstrating the efficiency of 17 peptides as potential biomarkers of high pHu 
meat samples, the next step was to get the biological explanation of the proteome 
changes found between normal and high pHu meat sample groups. Only those 
peptides exhibiting significant quantitative differences (P ≤ 0.05) between normal and 
high pHu meat samples were considered for functional classification using GO terms 
and were referred to their proteins of origin. A total of 10 proteins were classified 
according to their biological processes: carbohydrate metabolism (ENO3, MDH1, 
PGK1 and TPI1), abiotic stimulus response (CKM, MB and PGK1) and biological 
regulation (ACTA1, HSPB1, LGALS1, MB and PGK1). Taking into account that 
animals suffering PSS conditions have limited glycogen reserves prior to slaughter, 
the regulation levels of glycolytic enzymes is expected to be different between normal 
and high pHu meats as in the case of those proteins involved in carbohydrate 
metabolism (ENO3, MDH1, PGK1 and TPI1). Additionally, muscle cells would need 
to use, apart from glycogen, other alternative energy sources for restoring ATP levels 
and maintaining cell homeostasis (i.e., amino acids, lipids). This fact could explain the 
overabundance in high pHu meats of those proteins involved in energy production 
(CKM and MB) and TCA cycle (MDH1), which is the final common pathway for the 
oxidation of fuel molecules to produce energy, as stated in the scientific literature 
[15,84,117]. In the present work was also found high regulation levels of ACTA1 in 
meat samples with high pHu (Publication I, see section 4.1.1.1) due to the fact that 
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HSPB6 proteins were up-regulated in high pHu samples as previously stated 
(Publication I, see section 4.1.1.1). As reported in the scientific literature, taking into 
account the protective role of these proteins under stressful conditions [107,108], 
overabundance of these proteins in high pHu meat samples was expected [15]. 
Finally, LGALS1 has been described to participate in a wide range of biological 
processes [118]. However, the relevance of this protein in post mortem muscle is highly 
controversial and contradictory findings have been reported in the literature as 
reviewed by Ouali et al. [13]. The role of LGALS1 in high pHu meat samples still 
remains unclear and deserves further investigation.  
Overall, the gel-free proteomic strategy presented in the third step of the present work 
demonstrated its usefulness to study quantitative differences in muscle proteome of 
beef cattle. Appropriate optimization of a conventional ion-trap allowed untargeted 
qualitative/quantitative and targeted quantitative analysis of samples through full-
MS1, ddMS2 and SRM approaches. Higher efficiency in terms of little sample 
preparation, affordability and quality of results exhibited by the straightforward 
analysis of soluble protein extracts has demonstrated the possibility of implementing 
this methodology in meat quality research studies.  
4.2 CASPASE ACTIVITY APPROACH 
As stated at the beginning of Results and Discussion chapter, different proteomic 
approaches have been developed to thoroughly search for protein biomarkers related 
to high pHu meat samples. In this regard, it had been demonstrated that HSPs, widely 
studied proteins in relation to stress [107,108], were only found in high pHu meat 
samples, as others did [15]. This interesting finding can be understood considering 
the apoptosis process. Triggering of this process depends on the nature of initial 
stimulus, being animal stress one of the relevant factors where the involvement of 
HSPs has been described as anti-apoptotic players [119]. Even though many 
researchers have been focused on the study of apoptosis as one of the first events 
triggered in post mortem muscle and having a great influence in meat tenderisation 
[9], these studies have not propounded in any possible relationship among ante 
mortem factors influencing animal metabolism and post mortem cell death. Therefore, 
in the second block of the present work and for the first time, the study of apoptosis 
as a way to understand the influence of animal handling practices on beef quality was 
proposed. To achieve this objective, first of all, the limitations of commercial kits to 
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accurately measure caspase activity in samples with scarce enzymatic activity such as 
skeletal muscle [57] had to be overcome. 
4.2.1 Optimization of the fluorogenic assay 
Optimization of the fluorogenic assay in terms of affordability, sustainability and 
sensitivity was considered critical to determine caspase 3/7 activity in tissues with 
low enzymatic activity level such as skeletal muscle as overcome in Publication V 
(see Appendix V). 
To do this, a preliminary enzyme activity approach of samples obtained using 4 
different extraction buffers was performed (see Table 3.2.). As explained in Materials 
and Methods chapter, buffer A was selected since it is a commonly used buffer for 
the sarcoplasmic protein extraction in muscle tissues [62,97]. The other 3 were 
commonly used for caspase extraction from intracellular membranes [98,99]. In this 
regard, no enzyme activity was found in samples extracted with buffer A because the 
presence of protease inhibitor cocktail might have inhibited any residual protease 
action (Figure 4.6A.). On the contrary, the presence of 1 mM of PMSF in buffers B, C 
and D did not seem to affect caspase activity because it inhibits serine peptidases but 
not cysteine peptidases such as caspases [120]. The main difference among buffers B 
to D was the presence or absence of MgCl2 and/or KCl. In the literature, authors have 
reported either the use or not of these compounds for caspase extraction [98,121,122]. 
In this case, the maximum caspase activity was reached with buffer D (Figure 4.6A.), 
and thus, this buffer, which contains few chemical compounds, was selected to test 
under final optimised assay conditions. 
Figure 4.6B. displays caspase 3/7 activity of meat samples differing in final substrate 
concentrations (mM) and sample to substrate ratio (R-) (see Table 3.3.). The highest 
caspase 3/7 activity was achieved at 0.083 mM and R-1:1 after 46 min of reaction at 37 
°C. However, such experimental conditions were discarded to avoid saturation of the 
fluorescence response in the case of samples showing higher enzymatic activity, thus 
limiting the dynamic range of the proposed methodology. Since R- had a great 
influence on sensitivity (see R-1:1 vs R-3:5) and considering the cost of processing high 
number of samples, an intermediate substrate concentration of 0.042 mM, R-1:1 and 
30 min of reaction time were considered as the final optimised assay conditions. 
Previous studies have reported that 0.01 mM of substrate would be enough to 
determine activity of purified caspases 3, 6, 7 and 8 expressed in E. coli [100], but as 
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previously mentioned, determination of low activity levels in meat extracts required 
higher substrate concentrations for reliable determinations. 
 
Figure 4.6. (A) Effect of extraction buffer on caspase 3/7 activity: (x) buffer A; (●) buffer B (□) buffer C; 
and (♦) buffer D (final optimised buffer). (B) Effect of substrate concentration (mM) and extract to 
substrate ratio (R-) on caspase 3/7 activity: (♦) 0.021 mM (R-1:1); (■) 0.083 mM (R-1:1); (◊) 0.025 mM (R-
3:5); (○) 0.05 mM (R-3:5); (□) 0.1 mM (R-3:5) and (●) 0.042 mM and R-1:1 (final optimised conditions). 
Sensitivity limitations of the fluorogenic caspase assay could be improved by 
appropriate optimization of the fluorescence detection settings (see Table 3.4.). 
Enzyme activity was only detected at excitation and emission wavelengths of 380-15 
and 460-20 nm, respectively, in accordance to previous results in meat extracts using 
the same fluorogenic peptide substrate (Figure 4.7A.) [98,99]. Furthermore, maximal 
fluorogenic response was achieved at the maximum amplification gain assayed 
(1500).  
The optimised assay clearly demonstrated that reproducibility was good either 
within or between-runs, obtaining CV below 5 % and 14 %, respectively (data not 
shown). Higher CVs were found between-runs due to the fact that caspase 3/7 activity 
can slightly change over long storage times. Comparison with a commercial kit 
showed that better linearity results were achieved for the optimised methodology 
yielding higher correlation values (Figure 4.7B.), in samples with either high or low 
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Figure 4.7. (A) Effect of instrumental conditions on caspase 3/7 activity: (▬) 330-20 and 385-30 nm; Gain: 
600; (○) 339-15 and 439-30 nm; Gain: 750; (x) 350-15 and 440-20 nm; Gain: 800; (♦) 380-15 and 460-20 nm; 
Gain: 1200 and (●) final optimised conditions (380-15 and 460-20 nm; Gain: 1500). (B) Comparison 
between the optimised method of the present work (●) and a commercial caspase 3/7 assay kit (○) in 
terms of linearity, sensitivity and reliability in the measurement of a meat sample representative of high 
caspase activity levels. 
Overall, the linearity of the fluorogenic assay to measure low caspase 3/7 activities in 
meat/muscle extracts was greatly improved in the optimised protocol as compared to 
the commercial kit. Reaction and instrumental conditions proposed in the present 
work made possible the study of a wide range of tissue samples independently of 
their caspase 3/7 activity. Furthermore, the use of a 96-microtiter-well format loading 
a customized substrate concentration enabled an affordable analysis of a high number 
of meat extracts with a good reproducibility.  
4.2.2 Study of apoptosis process using caspase activity measurements 
Using the optimized fluorogenic assay, the activities of executioner caspases 3/7 and 
initiator caspase 9 were investigated over time (2, 8 and 24 h post mortem) in loin 
samples of three Spanish beef cattle breeds managed under different feeding systems 
(intensive vs semi-extensive) and transport/lairage conditions (mixed vs non-mixed 
with unfamiliar animals) (Publication VI, see Appendix VI). 
All animals from the several breeds, feeding systems and transport/lairage conditions 
studied, presented meat with normal pHu (< 6.0). However, these values were 
significantly affected by breed (P ≤ 0.001) while feeding and transport/lairage effects 
were not significant. Animals from RE breed showed significantly higher pH values 
(5.64 ± 0.12) compared to animals from the other two breeds (5.49 ± 0.06 for AV and 
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breed [123]. As the behaviour of both caspase 3/7 and caspase 9 activities was similar, 
both enzymes were discussed together. 
Overall, results obtained in the present work showed that caspase activity over post 
mortem time greatly depends on breed and transport/lairage conditions (P ≤ 0.05), 
while the effect of production system was not significant. Looking at breed effect, 
different behaviour of caspases over time was observed in RG breed, showing 
significantly higher activities at 2 h and lower activities at 24 h post mortem compared 
to AV and RE breeds (Figure 4.8.). In general, intermediate and statistically not 
different values were observed at 8 h post mortem among breeds, except for RG breed 
and caspase 3/7 activity. It is assumed that caspases are activated immediately after 
animal exsanguination, and therefore, highest activities would be expected at early 
post mortem times while subsequently decreasing over time [98,124-127]. In this sense, 
as previously reported in the literature [128-130], this pattern was only observed in 
RG breed, while low caspase activities were observed in AV and RE breeds at early 
post mortem time which could be indicative of higher stress levels reached before 
slaughter. It is known that HSPs interact with active caspases under stressful 
conditions hindering their function and, consequently, slowing down the cellular 
death process. In this regard, breed effect and its relation to excitable temperament 
and stress susceptibility have been previously reported for RE breed [123], but never 
for AV and RG breeds [131,132]. The low caspase activity observed in AV breed could 
be also related to the myostatin-related muscle hypertrophy (double-muscled) of 
these animals [133] and, therefore, are considered more susceptible to stressful 
conditions [134]. Another important factor that could also explain the differences 
observed in post mortem muscle metabolism is the age of the animals associated to 
specific management practices. For instance, at slaughter, animals from RG were 
younger (10 mo) than other animals (13 to 15 mo), and in this sense, some authors 
have reported that several apoptotic mechanisms, including caspase 3 activation, 
were more pronounced in young rat compared to mature rat brains after inducing 
cerebral hypoxia-ischemia [135]. Although both, initiator caspase 9 and executioner 
caspase 3/7 activities, showed a similar breed-dependant pattern, caspases 3/7 seemed 
to be slightly less sensitive, with not significant differences between AV and RE 
breeds at 24 h post mortem (Figure 4.8B.). On the contrary, caspase 9 activity was 
significantly different among studied breeds (Figure 4.8A.). 
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Figure 4.8. Interaction between breed and post mortem time factors for caspase 9 (A) and 3/7 (B) activity. 
Least square means and standard error of the means have been represented. Different capital letters 
indicate significant differences among breeds and different lower case letters indicate significant 
differences among post mortem times (P ≤ 0.05).  
●, Asturiana de los Valles; ●, Retinta; ●, Rubia Gallega. 
In relation to the effect of transport/lairage conditions, Figure 4.9. represents the 
evolution of caspase 9 and 3/7 activities over post mortem time, in mixed and non-
mixed animal groups. While AV and RE breeds behaved similarly (increasing 
activities over time) and with no differences between mixed and non-mixed animals 
(Figure 4.9A., 9B., 9D. and 9E.), a very different pattern was observed in RG breed 
(Figure 4.9C. and 9F.). At 2 h post mortem, both caspase activity values for RG breed 
were higher compared to the other breeds, but with no differences between mixed 
and non-mixed animals. At later post mortem times, differences were significant 
between mixed and non-mixed animal groups. Non-mixed animals showed a 
decreasing caspase pattern while mixed animals reached the highest caspase activity 
at 8 h post mortem and then decreased. Taking into account that mixing unfamiliar 
animals prior to slaughter is one of the most stressful events that influence bovine 
species [32,136,137], this event could have triggered the activation of HSPs delaying 
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Figure 4.9. Evolution of caspase 9 (A, B and C) and 3/7 (D, E and F) activity over post mortem time as 
related to transport/lairage for mixed (○) and non-mixed (●) animal groups in each studied breed: A/D) 
Asturiana de los Valles; B/E) Retinta, and C/F) Rubia Gallega breed. Least square means and standard 
error of the means have been represented. (AV: Asturiana de los Valles; RE: Retinta; RG: Rubia Gallega). 
Overall, caspase activity pattern was different among breeds at 2 and 24 h post mortem 
times, especially among those breeds behaving most differently (RG vs AV and RE). 
Additionally, the better discriminant capacity of caspase 9 activity compared to 
caspase 3/7 at 24 h post mortem would indicate its usefulness as an indicator of factors 
such as breed and transport/lairage influencing meat quality characteristics. 
After demonstrating the different activity pattern over time of caspase 9 and 3/7 
activity, especially the differences observed at 24 h post mortem among samples 
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transport/lairage conditions, the activity of these enzymes was studied in normal and 
high pHu muscle samples obtained from several Spanish breeds and crossbred 
animals at 24 h post mortem (Manuscript VII, see Appendix VII).  
In general, the activity of both caspases was affected by breed (P ≤ 0.001) and pHu (P 
≤ 0.001), and the behaviour of both caspases was quite similar as observed in Figures 
4.10A. and 4.11. However, there was an interaction between breed and pHu for 
caspase 3/7 activity (P ≤ 0.001).  
Regarding the effect of breed on caspase 9 activity at 24 h post mortem (Figure 4.10B.), 
AV showed a significantly higher caspase activity compared to CB and RG (P ≤ 0.05), 
while intermediate activities where observed for RE breed (P > 0.05). Observed 
activity data variability was also higher in AV breed, with highest maximum and 
lowest minimum activities, compared to other breeds. These results are partially in 
accordance to those reported in the previous experiment (Publication VI, see 
Appendix VI), where AV and RE breed showed significantly higher caspase 9 activities 
at 24 h post mortem compared to RG breed, which would be indicative of high stress 
levels reached before slaughter by these breeds. Concerning the effect of pHu, 
significantly higher caspase activity at 24 h post mortem was observed in high 
compared to normal pHu meat samples (Figure 4.10C.). Although there are not 
studies that analyse caspase 9 activity in relation to meat pHu, results would be 
comparable to those reported for caspase 3/7 activity. In this regard, some authors 
have revealed differences in caspase 3 regulation levels between normal and high 
pHu samples, reporting high expression of caspase 3 large subunit in high compared 
to normal pHu meat samples at 24 h post mortem [53]. This finding agrees with the fact 
that stress can induce the synthesis of HSPs, event that may delay the post mortem 
apoptosis. Taking into account that caspase activation occurs immediately after 
animal exsanguinations and decreases over time, the idea of anti-apoptotic role 
exhorted by HSPs is becoming stronger. 
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Figure 4.10. Box-plot with upper and lower whiskers representing the effect of (A) breed and meat pHu 
interaction (□ normal pHu meat samples; ■ high pHu meat samples) (B) breed and (C) meat pHu on 
caspase 9 activity at 24 h post mortem. Different letters indicate significant differences among breeds          
(P ≤ 0.05). 
As for caspase 9 activity, the activity of caspase 3/7 was significantly higher in meat 
samples with high compared to meat samples with normal pHu in all studied breeds 
(P ≤ 0.05) (Figure 4.11.). However, this pattern was quite different in RE breed with 
strong differences in caspase 3/7 activity between normal and high meat samples, 
reinforcing again the idea of the major role played by bovine breed in caspase activity. 
In this sense, as previously indicated, it has been described the aggressive behaviour 
and stress susceptibility of RE breed [123] compared to AV and RG breed that are 
similar to each other [131,132]. On the other hand, overall, crossbred animals showed 
the lowest caspase levels, in normal and high pHu meat samples, which could be 
related to the increased resilience to stress susceptibility of these animals [138,139]. In 
terms of variability in activity, in general this was similar in both types of meat 
samples (normal and high pHu) for all studied breeds except for RG breed where 
activity variability was greater in high pHu meat samples (comparable to AV breed) 
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Figure 4.11. Box-plot with upper and lower whiskers representing the effect of breed and meat pHu on 
caspase 3/7 activity. Different lower case letters indicate significant differences among breeds in meat 
samples with normal pHu, and different capital letters indicate significant differences among breeds in 
meat samples with high pHu. Asterisks represent differences between the normal (□) and high (■) pHu 
meat samples for each studied breed. * P ≤ 0.05; ** P ≤ 0.01; *** P ≤ 0.001 
Overall, these results confirm that both caspase 9 and 3/7 activities were significantly 
higher in meat samples with high compared to normal pHu, independently of the 
studied breed and demonstrating that caspase activity measured at 24 h post mortem 
can be a good indicator of high pHu meat samples. However, differences among 
breeds are also important that need to be taken into account. In this regard, further 
research is necessary to understand how the behaviour of each breed can affect the 
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6    CONCLUSIONS 
 
Based on the experimental results obtained in the present Ph.D. Thesis, the following 
conclusions were drawn: 
1. The use of liquid isoelectric focusing pre-fractionation/enrichment method 
combined with sodium dodecyl sulphate polyacrylamide gel 
electrophoresis and coupled to liquid chromatography – mass 
spectrometry analysis facilitated the study of sarcoplasmic and 
myofibrillar sub-proteomes from bovine meat through the identification 
of several marker proteins. In addition, the high reproducibility of this 
methodology allowed the discrimination of normal and high pHu meat 
samples through the quantitative analysis of key marker proteins found in 
both, sarcoplasmic and myofibrillar muscle extracts. 
2. The development and optimization of a gel-free methodology based on 
liquid isoelectric focusing enrichment directly coupled to liquid 
chromatography – mass spectrometry analysis proved to be successful to 
perform untargeted qualitative and automated targeted quantitative 
analysis of muscle sarcoplasmic proteome. Moreover, this fractionation 
greatly facilitated protein mapping and peptide quantification of bovine 
sarcoplasmic extracts despite of using a conventional three dimensional 
ion-trap. 
3. The development and implementation of an innovative gel-free strategy 
based on direct analysis of sarcoplasmic protein extracts coupled to liquid 
chromatography – mass spectrometry analysis allowed the discrimination 
of normal and high pHu meat samples using untargeted 
qualitative/quantitative and targeted quantitative approaches based on 
selected reaction monitoring strategies.   
4. The study of sarcoplasmic sub-proteome revealed overabundance of 
several heat shock proteins in high pHu meat samples independently of 
the methodology used. This could be associated to animals that have 
presumably suffered pre-slaughter stress condition and the activation of 
the apoptosis process.  
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5. The optimization of a fluorogenic assay based on the enzymatic release of 
a fluorophore from a synthetic and specific peptide substrate allowed the 
measurement of caspase 3/7 activity in skeletal muscle extracts 
characterized by low caspase activity level and proved to be successful to 
investigate the apoptosis process through the measurement of caspase 3/7 
and 9 activities at different post mortem times. 
6. Different management practices evidenced differences in caspase 3/7 and 
9 activities over post mortem time. The highest caspase 3/7 and 9 activities 
were observed in meat samples from Asturiana de los Valles and Retinta 
breeds and in meat samples from mixed Rubia Gallega breed that could 
be associated to animals suffered pre-slaughter stress.  
7. The optimised fluorogenic assays of caspase 3/7 and 9 activities allowed a 
clear discrimination between normal and high pH meat samples at 24 h 
post mortem. This confirms the usefulness of caspase 3/7 and 9 activities as 
new indicators to detect the occurrence of high pHu meats.  
8. Proteomic tools and enzymatic assays proved their potential to accurately 
evaluate proteome changes and the apoptotic processes occurring during 
the conversion of muscle to meat. 
9. These results provide more accurate and valuable information about the 
relationship between biochemical characteristics of meat, animal handling 
practises and final meat quality traits. This will help stakeholders to 
establish a link between sustainable animal handling practises and 
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Proteome changes derived from animals that have suffered pre-slaughter stress are a fact. In 
this study, Proteomic analysis was carried out on 20 bovine loin samples from Asturiana de 
los Valles and crossbreds cattle previously classified as normal and DFD meat at 24 h post-
mortem using pH measurements. Sarcoplasmic sub-proteome of Longissimus thoracis at 24 
hours post-mortem was fractionated by the use of liquid isoelectric focusing (OFFGEL) in 
the pH range 3-10, followed by SDS-PAGE analysis of each retrieved fraction. The protein 
fractionation profile showed high reproducibility along the different sample groups. Five 
protein bands showed significant differences (p<0.05) between the two groups, allowing 
discrimination between them. Proteins present in these bands, which were identified by LC-
MS, were actin, phosphoglucomutase-1, alpha-crystallin B, heat shock protein beta-6 and 
heat shock protein beta-1.  
Significance: The significance of this study relies on the optimization of OFFGEL fractionation 
as a promising technology to search for reliable biomarkers of pre-slaughter stress. This 
method separates proteins along different liquid fractions according to their isoelectric point; 
the obtained fractions can be further characterized by SDS-PAGE or directly identified by 
LC-MS. This achievement stands out as an alternative to the use of 2-DE electrophoresis in 
protein separation and analysis.  
Keywords 
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 Journal of Proteomics 198 (2019) 59-65 
87 
1.1 INTRODUCTION 
Proteomics has thoroughly sought a deep 
understanding of gene expression and 
protein translation. This discipline 
concerns protein interactions or 
modifications (phosphorylation, denatu-
ration, methylation, etc) but also the 
biochemical pathways that take place 
under different conditions in living 
organisms [1]. It has been widely used to 
search for protein biomarkers related to 
meat tenderness, colour and water holding 
capacity (WHC) [2]. However, few 
research efforts have been put in the 
discovery of pre-slaughter stress 
biomarkers leading to discriminate among 
meat from either normal or stressed 
animals as stated by Franco et al. [3], 
reporting for the first time the usefulness 
of Proteomics to study pre-slaughter stress 
condition (PSS) in Rubia Gallega cattle 
breed. 
PSS arises from both intrinsic and extrinsic 
factors of slaughtered animals. Among the 
intrinsic factors, physiology, age, sex and 
genetics are among the most relevant. 
Regarding extrinsic stressors such as 
temperature, handling activities, human 
presence, lairage time or feed/water 
deprivation in the abattoir [4] they are not 
only prevalent but also manageable. 
Before slaughter, animals exposed to PSS 
consume their glycogen reservoirs to 
produce ATP through glycolysis. This 
perturbs glycolysis after slaughter, 
lowering its rate due to the prior glycogen 
reduction and generating not enough lactic 
acid to enable a normal pH reduction, thus 
giving rise to higher pH values like 6.0 and 
above, which evolves in an abnormal 
conversion of muscle into meat [5]. This 
condition produces dark, firm and dry 
(DFD) meat, which causes economical 
losses in the meat industry because of its 
lower quality attributes such as alterations 
in tenderness during aging, higher WHC 
or spoilage by microorganism contami-
nation [6]. To reduce the incidence of DFD 
meat, current practices performed by meat 
producers, food industry and govern-
ments consider the improvement of animal 
welfare regarding their transportation, 
lairage, handling at abattoirs and slaughter 
methods. 
Although there are many biochemical 
indicators (glucose, lactate, pH, etc.) that 
can be quickly measured to assess animal 
stress [7], they do not provide further 
information about biological changes 
occurring due to PSS. In this respect, 
Proteomics has become a powerful tool to 
unveil reliable protein biomarkers to 
detect meat quality defects [8]. 
Skeletal muscle houses a huge variety of 
proteins with different roles such as 
structural, defensive/stress and metabolic 
functions [9]. Some of them have been 
suggested as stress biomarkers, as the case 
of creatine kinase and lactate dehydroge-
nase in animals that have suffered pre-
slaughter stress [10]. Increased levels of 
these enzymes in plasma and blood would 
be indicative of muscle damage due to 
stressor factors [11]. Moreover, Heat Shock 
Proteins (HSPs) normally involved in 
defence mechanisms, have been also 
studied in relation to stress. It should be 
emphasized that HSPs play a major role as 
essential molecular chaperones under 
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environmental and physiological stress 
conditions [12,13].  
Regarding protein fractionation techni-
ques, the most common approach was 
sodium dodecyl sulfate-polyacrylamide 
gel electrophoresis (SDS-PAGE) followed 
by two-dimensional polyacrylamide gel 
electrophoresis (2-DE) [14]. Despite the 
popularity of gel-based strategies, novel 
gel-free alternatives have recently been 
proposed to overcome drawbacks of 
traditional fractionation concerning costs 
in routine analysis (mainly 2-DE) and 
limitations for covering the entire 
proteome (small biomolecules) of samples. 
One of these emerging technologies is the 
liquid isoelectric focusing (OFFGEL) that 
separates proteins according to their 
isoelectric point (pI) [15]. Thus, a multi-
compartment chamber with 12 or 24 wells 
is placed on top of an immobilized pH 
gradient gel (IPG) strips that provides the 
pH gradient. Solubilised proteins migrate 
across IPG strips until meeting the pH 
corresponding to their respective pI and 
stop. Time required for fractionation 
depends on sample complexity, reaching 
up to 24 h. Retrieved liquid fractions 
containing fractionated/enriched proteins 
can be submitted to further gel-based 
separation steps or directly digested and 
analysed by liquid chromatography 
coupled to mass spectrometry (LC-MS).  
Advantages in fractionation/enrichment of 
protein samples using OFFGEL were 
recently demonstrated [16,17] and 
promising results were also achieved 
when it was implemented in studies 
assessing safety, quality and origin of meat 
and meat products [18,19,20]. However, its 
use in the fractionation/enrichment of 
muscle proteome is still limited.  
This work aims to study changes in the 
sarcoplasmic proteome of meat to 
elucidate which proteins and biochemical 
mechanisms are involved in PSS. Then, 
normal and DFD samples of bovine 
Longissimus thoracis (LT) muscle were 
analysed by OFFGEL fractionation/ 
enrichment followed by SDS-PAGE and 
LC-MS analysis. The proposed methodo-
logy would facilitate the elucidation of 
different proteins as reliable PSS 
biomarkers that could be useful to assess 
quality of commercialized meat and meat 
products. 
1.2 MATERIALS AND METHODS 
 
1.2.1 Animal samples 
In this research, a total of twenty (n=20) 
beef samples were analysed. Eight 
‘normal’ meat samples with pH values 
lower than 5.5 at 24 h post-mortem were 
collected from Asturiana de los Valles 
(AV) breed. Another twelve samples were 
collected from crossbred animals (AV x 
Friesian) from which six samples were 
considered as ‘DFD’ meat (PSS-CB: pre-
slaughter stressed crossbred animals), 
with pH values over 6.0, and the other six 
were considered as ‘normal’ meat (N-CB: 
normal crossbred animals), with pH 
values below 6.0. These made a ‘normal’ 
meat group of 14 samples, and a ‘DFD’ 
meat group of 6 samples. The pH 
measurements were taken at the 
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Longissimus thoracis (LT) muscle of the 6th 
rib at 24 h post-mortem. 
Animals were slaughtered and dressed in 
commercial abattoirs at the age of 12 to 18 
months (yearling bulls) following the 
safety and welfare conditions established 
by the European Union (Council 
Regulation (EC) No 853/2004 and No 
1099/2009). At 2 h post-mortem, a LT 
muscle sample from the 13th rib was 
excised from the left half of each carcass. 
After muscle sampling, the epimysium 
was carefully dissected, and about 10 g of 
each muscle sample were taken. Samples 
were then transported to the laboratory in 
refrigerated conditions and, at 24 h post-
mortem, they were frozen in liquid 
nitrogen and stored at -80 °C until 
analysed. 
1.2.2 Extraction and quantification of 
sarcoplasmic proteins 
Half a gram of each type of meat, normal 
and DFD, was homogenized in 4 mL of 
extraction buffer (10 mM Tris pH 7.6, 1 mM 
EDTA, 0.25 M Sucrose) containing 25 µL of 
inhibitors cocktail (P8340, Sigma-Aldrich 
Co., St. Louis, MO, USA) using an Ultra-
Turrax Yellow Line Di 25 (IKA-Werke 
GmbH, Staufen, Germany). The homoge-
nate was centrifuged at 20,000 g for 20 min 
at 4 °C using a Beckman Coulter centrifuge 
(Brea, CA, USA), being the obtained 
supernatant filtered through a 45 µm 
PVDF syringe filter and stored at -80 °C 
until analysed. Protein quantification of 
samples was assessed using the Bio-Rad 
Protein Assay Kit (Hercules, CA, USA) 
following the Bradford method and using 
a calibration curve ranging from 0.05 to 0.8 
mg/mL of BSA. 
1.2.3 Liquid isoelectric focusing 
(OFFGEL) 
Sarcoplasmic proteins were fractionated 
according to their pI into 12 liquid 
fractions using 13 cm IPG strips with a 
linear gradient in the pH range 3-10 (GE 
healthcare, Uppsala, Sweden). One mg of 
each sarcoplasmic extract was diluted to a 
final volume of 2 mL with 1.25X protein 
OFFGEL stock solution (6% v/v glycerol, 7 
M urea, 2 M thiourea, 65 mM DTT and IPG 
buffer pH 3-10, GE healthcare, Uppsala, 
Sweden) and used for protein fractiona-
tion/enrichment using an Agilent 3100 
OFFGEL fractionator (Agilent Technolo-
gies, Waldbronn, Germany) following the 
manufacturer’s instructions. IPG strips 
were fixed onto the tray and rehydrated 
with 1.25X protein OFFGEL stock solution. 
Fractionation was performed at 20 °C with 
a constant current of 50 µA to reach 20 kVh 
for about 20 h (depending on salt 
concentration of samples). After focusing, 
the 12 fractions were separately collected 
and stored at -80 °C. 
1.2.4 SDS PAGE and image analysis 
SDS-PAGE analyses were carried out in 
duplicate (analytical replica) for each of the 
twenty fractionated muscle extracts. 
OFFGEL protein samples were diluted 
(50:50, v/v) with a sample buffer solution 
(0.088 M Tris-HCl pH 6.8, 10% v/v glycerol, 
2% w/v SDS, 0.2 M DTT and 0.04 w/v 
bromophenol blue) and heated at 95 °C for 
4 min to denaturalize proteins. Samples 
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were centrifuged (2,000 g, 1 min) before 
loading onto 1.5 mm x 8 cm x 9 cm 12% 
polyacrylamide gels. Each pair of gels was 
simultaneously run in a Hoefer Mighty 
Small II SE260 electrophoresis unit (San 
Francisco, CA, USA) at a constant current 
of 50 mA for two hours. After 
electrophoresis, gels were fixed into 12% 
trichloroacetic acid solution for 1 h, then 
washed two times with bidistilled water 
for 10 min. Finally, gels were stained with 
colloidal Blue Coomasie [21] overnight 
and finally distained with bidistilled 
water. For scanning gels, LAS-1000 
Luminescent Image Analyzer with 
Intelligent Dark Box II (FUJIFILM, 
Barcelona, Spain) was used. The intensity 
of each band was determined using the 
freeware Gel Analyzer 2010 software 
(http://www.gelanalyzer.com). Individual 
band intensities were normalized 
according to the total band volume per gel. 
Estimated pI and molecular mass (Mr) of 
each band was determined from their 
position in the OFFGEL fractions and their 
migration in the polyacrylamide gel, 
respectively, comparing to commercial 
standards ranging from 14 to 200 kDa (Cat. 
No. 161-0317, Bio-Rad, Hercules, CA, 
USA).  
1.2.5 In gel digestion of selected 
protein bands 
Those bands showing statistically 
significant intensity differences between 
normal and DFD samples were digested 
with trypsin to elucidate their protein 
profiles. Thus, bands were excised from 
the gel and placed into 0.5 mL Eppendorf 
tubes. Bands were washed twice in 50 mM 
ammonium bicarbonate for 10 min in 
continuous agitation and solvent 
discarded by pippeting. Bands were dried 
until turning shrink and opaque by 
washing twice with 100% ACN. Once the 
liquid was removed by pippeting, the 
remaining liquid was evaporated using a 
Savant SPD121P Speed Vac concentrator 
equipped with a RVT400 refrigerated 
vapour trap (Thermo Scientific, San Jose, 
CA, USA). Dried samples were digested 
with 15 µL of 12.5 µg/mL sequencing 
grade modified trypsin (Promega, 
Madison, WI, USA) solution and mixed 
with 50 µM ammonium bicarbonate (pH 
8.5) overnight at 37 °C with continuous 
gently shaking. Peptides were recovered 
by washing samples twice with 
water/ACN (50:50, v/v) acidified with 0.1 
% TFA, sonicated for 15 min, the 
supernatants poured into clean Eppendorf 
tubes and evaporated as previously 
mentioned. Finally, samples were 
redissolved in 40 µL of a 0.1 % aqueous 
TFA solution and poured into LC-MS 
vials.  
1.2.6 Mass spectrometry analysis 
Twenty-five µL of each sample prepared 
as described in section 2.5 were injected in 
a Thermo Surveyor LC system equipped 
with a refrigerated autosampler and 
coupled to a Thermo LCQ Advantage 
(Thermo Scientific, San Jose, CA, USA) ion 
trap MS instrument loading an 
electrospray (ESI) probe. Separation of 
peptides was carried out on a Jupiter 
Proteo reversed-phase C18 column (15.0 
cm × 0.5 mm; Phenomenex, Torrance, CA, 
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USA). Mobile phases consisted of solvent 
A containing 0.1% formic acid (v/v) in 
bidistilled water and solvent B containing 
0.1 % formic acid (v/v) in ACN. Chroma-
tographic analysis was at 23 °C and 
separation conditions consisted of 
stepwise isocratic gradients including 15 
min of 0% B, 5 min of 20% B, 10 min of 40 
%B and finally 10 min of 100% B at a flow 
rate of 30 µL/min, then returning to initial 
conditions having 0% of solvent B. 
Operating parameters of the ion trap 
detector were the following: electrospray 
ionization in positive mode; capillary 
temperature, 250 °C; spray voltage, 4.0 kV; 
capillary voltage, 15.0 V. First scan event 
was full MS detection in the 400–2000 m/z 
range. The second scan event was a data 
dependent MS/MS analysis of the most 
intense ions with charges from +2 to +4 
with the following parameters: repeat 
count for most intense ion, 3; repeat count 
duration, 0.5 min; exclusion duration, 10 
min; normalized collision energy, 35%; 
minimum MS signal for MS/MS analysis, 
1x105. Both scan events shared the same 
number of microscans and maximum 
injection time that were 3 and 300 ms, 
respectively. Control of the LC-MS system 
and data acquisition was done through a 
PC loading the Thermo Xcalibur v2.0 
(Thermo Scientific, San Jose, CA, USA) 
software. Peptide identification was 
achieved by the interpretation of 
generated MS/MS data against Uniprot KB 
v2017_11 (www.uniprot.org) and 
NCBIprot v20170428 protein databases 
using Mascot v2.3 as search engine with 
the following parameters: enzyme, 
trypsin; no fixed or variable modifications 
but “Error tolerant” option enabled; mass 
accuracy was set to 1.2 and 0.8 Da for MS 
and MS/MS analyses, respectively; The 
option “Mammalia” was selected as 
taxonomy restriction parameter; decoy 
option was used to estimate the false 
positive rates by means of False Discovery 
Rate threshold from 1%. For selection of 
protein family identifications obtained 
from Mascot, only those having a protein 
score derived from individual ion scores 
indicating identity or extensive homology 
(p<0.05) were considered as true protein 
identifications.  
1.2.7 Statistical and protein functional 
analysis 
Obtained results were analysed using 
univariate and multivariate statistics. The 
univariate Mann-Whitney non-parametric 
test was applied to find significant 
differences between normal and DFD 
sample groups (p<0.05) using SPSS 23.0.0 
software (SPSS Inc., Chicago, IL, USA). The 
intensity of each of the selected protein 
bands of the fourteen (normal) and six 
(DFD) individuals were compared. For 
multivariate analysis of data, principal 
component analysis (PCA) was utilised 
using the XLSTAT 2010.5.02 software 
(Addinsoft, Paris, France). The two-
dimensional coordinate system defined by 
the first two principal components was 
used to study the distribution of each 
animal according to the intensity of 
selected protein bands.  
Each identified protein was classified 
according to its biological function by 
means of Gene Ontology (GO) term from 
AmiGO website:  
(http://amigo.geneontology.org/amigo/). 
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Protein-protein interactions from bands 
that showed significantly different abun-
dances between normal and DFD samples 
were assessed using STRING v.10.5 free-
ware software (ELIXIR, Wellcome Genome 
Campus, Hinxton, Cambridgeshire, UK, 
https://string-db.org). Bos taurus species 
was used to perform the analysis. 
1.3 RESULTS AND DISCUSSION 
The twenty bovine meat samples analysed 
in this work were classified as normal and 
DFD according to pH values measured at 
24 h post-mortem (data not shown). The 
main aim of this study was to compare 
normal and DFD animal’s proteome using 
liquid isoelectric focusing in combination 
with SDS-PAGE and LC-MS.  
After OFFGEL separation, 12 protein 
fractions were obtained for each sample 
along the assessed pH range (3 to 10). 
These were further analysed by SDS-PAGE 
in order to reveal the protein distribution 
along these fractions.  
Fig. 1 shows representative examples of 
SDS-PAGE gels of the fractionated sarco-
plasmic sub-proteome from normal (1A) 
and DFD (1B) meats. Protein distribution 
profiles achieved by OFFGEL separation/ 
enrichment were highly reproducible in all 
retrieved fractions, enabling the study of 
differences between normal and DFD 
groups. In both cases, acidic fractions (1 to 
5) housed only few proteins in contrast to 
the most populated neutral and basic 
fractions (6 to 12). 
The most noticeable differences in protein 
abundances between normal and DFD gels 
were observed in bands A to E (squared in 
Fig. 1A and 1B). This finding was 
confirmed by densitometry analysis (Fig. 
2) that revealed significant differences 
(p<0.01) among both meat groups. So, 
abundance of band B was notoriously 
higher in normal samples, whereas band A 
was significantly less abundant in the 
normal group in comparison to DFD meat. 
Interestingly, it was observed that bands 
C, D and E were exclusive of the DFD 
group.  
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Fig. 1. 12 % SDS-PAGE of fractions obtained after OFFGEL isoelectric focusing in the pH range 3-10 from 
two representative samples: 1A) normal and 1B) DFD meat. Std: Molecular standard. 
 
Fig. 2. Mean values of abundances (and standard deviations) of the five selected protein bands obtained 
by densitometry analysis (described in Table 1) in normal (dark, n=14) and DFD (light, n=6) meat sample 
groups. Error bars indicate the standard deviation for each group.  
Further LC-MS analysis of bands with the 
same molecular mass clustered in 
neighboring fractions (bands B and E in 
Fig. 1) was carried out to confirm same 
protein assignment for each particular 
band (Table 1). This outcome was 
previously reported [16] and seemed to be 
related to protein phosphorylation, which 
induces changes in the pI value of the 
protein. Both phosphoglucomutase-1 
(PGM1; band B in Fig. 1) and heat shock 
protein beta-1 (HSPB1; band E in Fig. 1) 
have a phosphorylation site. Thus, their 
degree of phosphorylation could distribu-
te them over different OFFGEL fractions 
according to their final pI value. 
Furthermore, PGM1 participates in the 
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glucose-1-P to glucose-6-P as well as HSPs 
can suffer a post-translational phos-
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Fig. 3 illustrates PCA representation of 
factor scores of each sample (animal) 
studied according to the intensity of 
selected protein bands (A to E). The first 
component (PC1) explained 76.23% of the 
total variability found among beef samples 
and clearly discriminated between normal 
and DFD groups in which AV and N-CB 
had negative factor scores, while PSS-CB 
had positive factor scores. Among the 
normal sample group, all individuals (AV 
and N-CB) were mixed in the left side of 
the PC1 and it was observed there was no 
separation between AV and N-CB groups 
neither through PC1 nor PC2. Then, we 
can conclude that breed effect does not 
have remarkable influence on the normal 
sample group, being this factor not 
relevant in our study of searching for 
biomarkers related to PSS.  
 
Fig. 3. Animal sample distribution on the two-dimensional coordinate system defined by principal 
component (PC) 1 and 2. Each point represents an individual sample (♦ AV: Asturiana de los Valles 
animals;  ■ N-CB: normal crossbred animals; ▲ PSS-CB: pre-slaughter stressed crossbred animals).  
1.3.1 Functional analysis of identified 
proteins 
As mentioned, LC-MS study characterized 
proteins from bands A to E, being 
classified (Table 1) according to their 
biological role as stress (alpha-crystallin B, 
heat shock protein beta-6 and heat shock 
protein beta-1), metabolic (phospho-
glucomutase-1) and structural (actin) 
proteins. Among those proteins and under 
normal conditions (pH below 6.0 after 
slaughter), actin is the only one that 
exhibits a poor aqueous solubility even if a 
small part of it can be extracted together 
with sarcoplasmic proteins [9,23,24]. In 
contrast, pH values of DFD meat (above 
6.0) are far enough from the pI of actin 
(5.23), enhancing its solubility and turning 
more noticeable the presence of this 
protein in the soluble extracts of stressed 
animals (see Fig. 1 and 2). 
Protein-protein interaction network of the 
five characterized bovine proteins is 
depicted in Fig. 4. Phosphoglucomutase-1 
(PGM1) and heat shock protein beta-6 
(HSPB6) remain out of the protein 
network, with no interaction between 
these proteins and the others. PGM1 plays 
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glycogen metabolism through the inter-
conversion of glucose-1-phosphate to 
glucose-6-phosphate. This latter enters the 
glycolytic pathway to produce ATP in 
order to maintain cell homeostasis [25]. 
The catalytic site of phosphoglucomutase-
1 molecule contains a phosphorylated 
serine residue at position 117 of its 
polypeptide chain. The phosphoryl group 
is transferred to the C-6 hydroxyl group of 
glucose 1-phosphate to form glucose 1,6-
biphosphate. The C-1 phosphoryl group of 
this intermediate is then shifted to the 
same serine residue, resulting in the 
formation of glucose 6-phosphate and the 
regeneration of the phosphoenzyme.  
 
Fig. 4. Protein-protein interaction network of 
five selected protein bands in normal and DFD 
meats using String 10.5. The network nodes 
(circles) represent proteins, the edges represent 
protein-protein functional associations, line 
colour indicates the type of interaction and line 
thickness denotes the association strength 
(threshold: 0.4, medium confidence level). 
ACTA1: Actin; HSPB1: Heat shock protein beta-
1; CRYAB: Alpha-crystallin B; HSPB6: Heat 
shock protein beta-6; PGM1: Phosphogluco-
mutase-1. 
Heat shock protein beta-1 (HSPB1) is in the 
centre of the network node and is related 
to alpha-crystallin B (CRYAB) and actin 
(ACTA1). Although HSPB6 is not linked to 
HSPB1 and CRYAB, this protein is well 
known in terms of its function, so we could 
conclude that the database lacks of 
information to relate this protein to the 
other two. All of them belong to the heat 
shock protein family and have been widely 
described as molecular chaperones 
involved in several mechanisms (protein 
assembly and disassembly, protein folding 
and unfolding, translocation, ...) and can 
interact with damaged proteins under 
stressed conditions to preserve their 
function [26]. Some authors have 
associated HSPB6 to meat tenderness [27] 
and apoptosis pathway [28], although the 
mechanism involved remains unclear.  
Interaction between actin and heat shock 
protein beta-1 comes from the protective 
action exerted by HSPs under stress 
conditions as reported by Jia et al. [29], 
detailing their patronizing effect on actin 
filaments against aggregation promoted 
by oxidative stress. However, it has been 
stated that increased phosphorylation of 
mammalian HSPs can appropriately 
modify the oligomeric conformation of 
proteins, turning them a more stable 
resultant forms and protecting against 
stress [30].  
1.3.2 Relationship between protein 
abundance and meat quality derived 
from PSS 
Tenderness is one of the most relevant 
traits of meat quality together with 
juiciness and flavour, and many efforts 
have been carried out to understand the 
mechanisms involved [27]. This attribute is 
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influenced by a wide variety of both pre-
slaughter (animal species, breed, age, 
muscle type and handling activities) and 
post-mortem (pH, WHC, sarcomere 
shrinkage, temperature and proteolysis of 
myofibrillar proteins) factors [31]. Some 
studies reported that DFD meat from 
animals that suffered PSS was significantly 
more tender than normal meat at 24 h post-
mortem [3,32]. Abnormally higher pHs 
(>6.0) reached in DFD meat may contribute 
to an increased tenderness in different 
ways. Firstly, raising the electrostatic 
repulsion between myofibrillar proteins 
confers less lateral shrinkage of muscle 
fibres [33]. Secondly, overall protein 
denaturation is lower and stimulates the 
water-binding capacity of myosin. We can 
conclude that both mechanisms 
characterize DFD meat with higher WHC.  
There was reported the importance of 
phosphoglucomutase-1 on meat and fish 
quality regarding tenderness [8,34]. This 
enzyme seems to be downregulated in 
tender meats as demonstrated by 
Ciaramella et al. [35] in stressed catfish and 
by Picard et al. [36] in tender compared to 
tough beef steaks. In this line, other studies 
stated that DFD meat is more tender than 
normal meat at 24 h post-mortem [3,32]. 
All those results are in agreement with 
findings illustrated by Fig. 1 and 2 
regarding higher abundance of PGM1 in 
normal compared to DFD samples. This 
can be understood considering the 
potential nine phosphorylation sites of 
PGM1, one of them involved in the 
glycogen pathway that seems to play an 
important role in meat tenderization [34]. 
In this study, this enzyme spread along 
three different OFFGEL fractions (lanes 6, 
7 and 8 in Fig. 1 A and B) in both sample 
groups due to phosphorylation. More 
concretely, one peptide of PGM1 was 
observed to be phosphorylated at Ser-117 
of the protein chain (Table 2) in these 
fractions for both normal and DFD meat. 
This suggested the activation of the 
catalytic site of PGM1 that enabled its 
participation into the aforementioned 
glucose interconversion via glycolysis to 
produce ATP. The lower abundance of this 
protein in DFD samples (Fig. 2) could be 
related to glycogen depletion before 
slaughter due to PSS, notably reducing the 
metabolism of the enzyme.  
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Although the action of HSPs has been 
extensively studied in living muscle, their 
role in post-mortem muscle is still unclear. 
In this study, the three stress-related 
proteins indentified (bands C, D and E in 
Table 1) were only found in DFD meat 
samples (Fig. 1). This finding seems to 
agree with evidence that stress can induce 
the synthesis of protective proteins such as 
HSPs to preserve cellular proteins against 
denaturation and possible loss of function 
[37] in living animals. Furthermore, there 
is an existing controversy regarding the 
pro- or anti-apoptotic role of HSPs, 
suggesting that their function in apoptosis 
may depend on its phosphorylation state. 
Ouali et al. [27] proposed apoptosis as a 
novel way to explain meat tenderisation 
and suggested that HSPs might delay meat 
aging, negatively affecting meat 
tenderness. Several mechanisms were also 
reported in which stress-generated HSPs 
could play diverse roles as anti-apoptotic 
factor by complexation with active 
caspases, protection of target proteins and 
restoration of the active structure of 
proteins [38]. This is in accordance to 
results obtained by Rosa et al. [39] for 
HSPB6 since they reported a negative 
correlation between the expression of this 
protein and tenderness. In contrast, these 
same authors found that HSPB1 was 
positively correlated with beef tenderness 
in LT muscle, in accordance to results 
obtained by Morzel et al. [40] and Carvalho 
et al. [41]. As observed, despite many 
studies addressing HSPs, stress and meat 
tenderness, relevance of these proteins in 
post-mortem muscle and meat quality still 
remains unclear and deserves further 
investigations.  
1.4 CONCLUSIONS 
The comparison of sarcoplasmic sub-
proteomes of normal and DFD meat 
samples was successfully achieved using 
liquid isoelectric focusing (OFFGEL) 
hyphenated to SDS-PAGE and LC-MS 
analyses. Five bands associated to proteins 
actin, phosphoglucomutase-1, alpha-
crystallin B, heat shock protein beta-6 and 
heat shock protein beta-1, with different 
abundances and biological functions, were 
found for normal and DFD meat groups 
and firstly proposed as biomarkers of the 
PSS condition.  
The innovative proteome fractionation 
approach presented in this work can 
constitute an interesting alternative to 
traditional 2-DE electrophoresis. Highly 
reproducible protein profiles achieved by 
implementing OFFGEL fractionation 
enabled the accurate comparison of the 
proteome from different meat quality 
groups.  
This research may facilitate future studies 
addressing the biological role and post-
translational modification of these 
biomarkers under specific stress 
conditions, as well as the direct 
implementation of the OFFGEL strategy in 
gel-free approaches supported by LC-MS 
analysis.  
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Influence of ultimate pH (pHu) on the occurrence of defective meats known as Dark, Firm 
and Dry (DFD) meats was studied through a proteomic approach of the myofibrillar muscle 
fraction in beef cattle at early post-mortem times. The myofibrillar sub-proteome of 
Longissimus thoracis et lumborum muscle from twelve 24h post-mortem loin samples from 
Asturiana de los Valles x Friesian yearling bulls previously classified into two groups of six 
samples according to their pH values (normal, pHu < 6.0 and high, pHu ≥ 6.0) was analysed. 
Fractionation/enrichment of muscle samples was carried out by combining OFFGEL 
fractionation in the pH range 4-7 followed by SDS-PAGE of the retrieved liquid fractions. 
Four protein bands satisfactorily discriminated between meat samples with normal and high 
pHu. These bands were quantified by image analysis, and further identified by liquid 
chromatography-mass spectrometry as desmin, pyruvate kinase, myosin light chain and 
myosin heavy chain-1 and -2. Coupling OFFGEL and SDS-PAGE separation with MS 
provided detailed and reproducible myofibrillar protein profiles that eased comparison 
among the sample groups assayed. This makes feasible to identify biomarkers capable to 
better understand pre-slaughter stress condition susceptible to give DFD meats with high 
pHu values.  
Keywords 
LC-MS ● OFFGEL Fractionation ● Pre-Slaughter Stress ● SDS-PAGE ● Ultimate pH 
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2.1 INTRODUCTION 
Pre-slaughter stress (PSS) condition is one 
of the most important issues that must be 
considered before slaughter, although its 
multi-factorial origin hinders its study. 
Thus, we can find intrinsic (i.e. physiology, 
age, sex and genetics) and extrinsic (i.e. 
ambient temperature, handling activities, 
human presence, conditions and duration 
of transport and lairage, feed/water 
deprivation at abattoir, etc) factors 
affecting PSS condition. When inadequate 
animal management is practiced before 
slaughter, animals can lead to depletion of 
muscle glycogen reserves[1-3] in reaction to 
acute stress through the increase hormones 
secretion (cathecolamines, cortisol, adre-
naline, etc.). Low glycogen content in 
muscle modifies glycolytic metabolism 
after slaughter resulting in less lactic acid 
production and high ultimate pH (pHu), 
leading to a defect known as dark cutting 
beef or Dark, Firm and Dry (DFD) meat. 
This phenomenon causes significant 
economic losses to meat industry due to 
the poor quality of affected products, 
characterized by undesirable alterations in 
tenderness during aging, higher water 
holding capacity (WHC) or fast spoilage by 
microbial contamination[4]. DFD carcasses 
costs around 55 and 20 million dollars per 
annum for Australian[5] and British[6] 
industry, respectively, and may affect to a 
range of 6 to 50% of carcasses, depending 
of seasonal and geographical variation[7]. 
However, there is no official information 
about incidence of this problem in Spain, 
but the available data indicate that it may 
affect approximately 14% [8] of bovine 
carcasses. 
Australia, which is one of the countries 
with the highest incidence of dark cutting 
beef, considerers that meat with a high 
pHu (>5.7) is typically dark in colour and 
known as DFD[7]. Moreover FAO reported 
that a pHu higher than 6.2 indicates that 
the animal was stressed, injured or 
diseased prior to slaughter[9]. Therefore, 
measurement of final pH during the 
conversion of muscle into meat is a highly 
important factor for meat industry[10] and it 
is used the most as routine practice to 
control the occurrence of defective meats. 
However, some studies have reported the 
main factors contributing to dark cutting 
meat and the controversial use of pHu to 
detect it[11]. A high pHu meat is related to 
pre-slaughter stress condition but not in all 
cases this gives rise to DFD meat[12]. The 
discovery of reliable protein biomarkers 
related to stress response in farm animals 
has been proposed to assist in better 
explain occurrence of defective meats[13]. 
However, proteomic approaches addres-
sing this problem in beef cattle are based 
on the study of total protein extract [10, 14, 15]. 
Alternatively, we have recenlty proposed 
an innovative proteomic approach based 
on liquid isoelectric focusing (OFFGEL) for 
the specific fractionation/enrichment of the 
sarcoplasmic fraction hyphenated with 
sodium dodecyl sulfate polyacrylamide 
gel electrophoresis (SDS-PAGE) and LC-
MS analysis[16]. Although it is known that 
sarcoplasmic proteins (stress/defence 
proteins and metabolic enzymes) are the 
ones mainly related to stress, the number 
of studies reporting changes occurring on 
myofibrillar proteome are scarce and 
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deserves further investigation. The idea to 
go deep into the study of myofibrillar sub-
proteome is supported by the fact that 
texture properties are notably altered in 
DFD meats with respect to normal ones. In 
that respect, Mahmood et al. studied 
proteome differences in the myofibrillar 
extract of normal and DFD meats from 
heifer and steer carcasses at 4 days post-
mortem[17]. Here we have carried out, for 
the first time, the study of the myofibrillar 
sub-proteome of both normal and high 
pHu bovine meats from a commercial 
slaughter house at early post-mortem 
times (24h) to try to elucidate main 
biochemical pathways responsible of pHu 
and texture changes that can give rise to 
DFD meats and potential early predictors 
of this condition. Myofibrillar proteins 
were carefully extracted and exhaustively 
characterized by a hybrid OFFGEL-SDS-
PAGE fractionation/enrichment step follo-
wed by LC-MS analyses. The proposed 
workflow analysis hunts the elucidation of 
protein/peptides as confident early 
indicators of PSS condition. 
Significance Statement  
Meat industry has moves towards 
producing animals that are efficient feed 
converters, fast growing and have high 
lean meat content with minimum 
production cost. This resulted in the 
production of animals with higher greater 
muscle development and less muscle 
glycogen reserves, that in some cases are 
more susceptible to stress and consequen-
tly increasing appearance of meat quality 
defects in the production chain, such as 
dark-cutting beef. Dark cutting meats are 
generally linked to a low muscle glycogen 
content at slaughter caused by elevated 
glycogenolysis induced by on-farm 
nutrition, stress and exercise in the pre-
slaughter period. This implies metabolism 
modifications of the post-mortem muscle 
resulting in an abnormal post-mortem 
acidification process. This defective meat 
with high post-mortem pH has become a 
significant problem in the meat industry 
inflicting important economic losses (55 
and 20 million dollars per annum for 
Australian and British industry, respecti-
vely). The present proteomic investigation 
constitutes a straightforward strategy to 
reveal differences in bovine muscle for an 
appropriate assessment of dark cutting 
meat, an issue of major importance due to 
its implications regarding security of 
consumers, animal welfare and economic 
benefits of the meat industry. 
2.2 EXPERIMENTAL SECTION 
 
2.2.1 Sample preparation  
Samples from twelve bovine animals were 
obtained from commercial abattoir in the 
north-eastern Spain and belonging to 
Asturiana de los Valles (AV) x Friesian 
breed. They were reared under intensive 
system (indoor fattening with concentrate 
meal and barley straw ad libitum). Muscle 
samples were collected from Longissimus 
thoracis et lumborum (LTL) of yearling bulls 
slaughtered at their 14-15 months of age 
according to EU regulations (Council 
Regulation (EC) No 853/2004 and No 
1099/2009). At 24h post-mortem, approxi-
mately 10 g of muscle sample were 
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removed from the thirteenth rib of the left 
half carcass, immediately frozen in liquid 
nitrogen and stored at -80 °C until analysis. 
Muscle samples were sorted into two 
different groups according to their pHu 
values: ‘normal’ samples (n=6) having pHu 
values below 6.0 (5.53 ± 0.14), whereas the 
other six samples (n=6) were classified as 
‘high’ showing pHu values higher than 6.0 
(6.56 ± 0.25). Measurements of pH were 
performed at the sixth rib of the LTL 
muscle at 24h post-mortem.  
2.2.2 Protein extraction 
For extraction of myofibrillar proteins, 0.5 
g of each stored sample was dissolved in 4 
mL of 10 mM Tris extraction buffer, pH 7.6, 
containing 0.25 M sucrose, 1 mM EDTA 
and 25 µL of protease inhibitors (P8340, 
Sigma-Aldrich Co., St. Louis, MO, USA), 
homogenized using IKA Yellow Line Di 25 
homogenizer (IKA-Werke GmbH, Staufen, 
Germany) and centrifuged at 20,000 g for 
20 min at 4 °C. The retrieved precipitate 
was washed once in 4 mL of extraction 
buffer and centrifuged under the same 
conditions described above. The washed 
precipitate was further dissolved in lysis 
buffer (10 mM Tris pH 7.6, 7 M urea, 2 M 
thiourea, 2% w/v CHAPS, 10 mM DTT) 
and centrifuged under the same condi-
tions. The supernatant was filtered 
through glass wool and stored at -80 °C 
until analysis. Total protein content of 
samples was quantified using the Bio-Rad 
Protein Assay Kit (Bio-Rad, Hercules, CA, 
USA) according to the Bradford method[18]. 
Bovine serum albumin standard ranging 
from 0.05 to 0.8 mg/mL was used to get 
calibration curve.  
2.2.3 Protein OFFGEL fractionation 
Myofibrillar proteins were separated in 
liquid phase based on their isoelectric 
point (pI) along 12 fractions using 13 cm 
immobilized pH gradient gel (IPG) strips 
(GE healthcare, Uppsala, Sweden) with a 
linear pH gradient in the range 4-7. 
Procedures for OFFGEL preparation were 
from Fuente-Garcia et al.[16] with some 
modifications to specifically fit to the 
characteristics of myofibrillar sub-
proteome. Briefly, a volume containing 2 
mg of total protein of each myofibrillar 
extract was considered for protein 
fractionation using an Agilent 3100 
OFFGEL fractionator (Agilent Technolo-
gies, Palo Alto, CA, USA). IPG strips 
corresponding to a 12-well frame size 
covering the pH range 4-7 were placed 
onto the tray and rehydrated for 5 min 
adding 1.25X protein OFFGEL stock 
solution to each well. A total of 150 µL of 
myofibrillar protein extract, which were 
previously diluted with 1.25X protein 
OFFGEL stock solution, were loaded into 
each well. After focusing, the solution 
containing the proteins was collected from 
each well and stored at -80 °C until 
analysed. All analysis were done by 
duplicate.  
2.2.4 Gel electrophoresis and image 
analysis 
The 12 proteins fractions obtained from 
each sample after OFFGEL fractionation 
were subjected to electrophoretic separa-
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tion under reducing and denaturant 
conditions (SDS-PAGE) as described 
previously[16] with some modifications. 
Electrophoresis of samples was performed 
in duplicate. All stained gel images were 
captured through a LAS-1000 Luminescent 
Image Analyzer with Intelligent Dark Box 
II (Fujifilm, Barcelona, Spain). After 
background subtraction and normaliza-
tion, the volume of each band was quanti-
tatively assessed using Gel Analyzer 2010 
software (http://www.gelanalyzer.com). 
The molecular mass (Mr) and pI of bands 
were determined by co-electrophoresis of 
a commercial protein standard mixture 
ranging from 14 to 200 kDa (Bio-Rad, 
Hercules, CA, USA) and by their focusing 
position in the OFFGEL fractions, 
respectively. 
2.2.5 In-gel digestion of bands 
Gel bands being significantly different in 
abundance between the two groups 
(normal and high pHu) were cut out from 
the gel and digested with trypsin in order 
to identify the proteins. Briefly, excised 
bands were cut into pieces and washed 
with 50 mM ammonium bicarbonate. 
Bands were then dehydrated with ACN 
and the remained liquid was removed 
using a Speed-Vac concentrator. Gel pieces 
were digested (overnight at 37 °C) with 15 
µL of trypsin solution at a 12.5 µg/mL 
concentration (Promega, Madison, WI, 
USA) in 50 mM ammonium bicarbonate 
(pH 8.5). After incubation, the liquid was 
transferred to a clean Eppendorf tube and 
the remaining peptides were recovered by 
adding ACN/0.1% TFA (50:50). This 
supernatant was combined with the 
previous one and the resulting liquid was 
evaporated in a Speed-Vac. Samples were 
then acidified with 0.1% TFA and 
transferred into glass vials. 
2.2.6 LC-MS analysis 
Samples (25 µL) were analysed using a 
ThermoScientific Surveyor HPLC with a 
cooled autosampler, quaternary pump, 
column oven and vacuum degasser 
coupled to a ThermoFinnigan LCQ 
Advantage ion-trap MS detector loading 
an electrospray ion source operating in 
positive ionization mode (Thermo 
Scientific, San Jose, CA, USA). Peptides 
were separated at 50 µL/min by a 150 x 0.5 
mm, 4-µm particle size reverse-phase 
Phenomenex Jupiter Proteo column 
(Phenomenex Inc., Torrance, CA., U.S.A.). 
Chromatographic and MS conditions of 
analysis were from Fuente-Garcia et al.[16]. 
Peptide identification was done by 
analysis of generated MS/MS data against 
Uniprot KB v2017_11 (www.uniprot.org) 
and NCBIprot v20170428 protein 
databases using Mascot v2.3 as search 
engine with the following parameters: 
enzyme, trypsin; no fixed or variable 
modifications but “Error tolerant” option 
enabled; mass accuracy was set to 1.2 and 
0.8 Da for MS and MS/MS analyses, 
respectively; The option “Mammalia” was 
selected as taxonomy restriction 
parameter; decoy option was used to 
estimate the false positive rates by means 
of False Discovery Rate threshold from 1%. 
Only those tentative assignments with 
high individual ion scores indicating 
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identity on extensive homology were 
considered as reliable results (P<0.05). 
2.2.7 Statistical analysis 
Ultimate pH from each meat group and 
image results from normal and high pHu 
gel bands were compared by t-test to find 
significant (P<0.05) differences using SPSS 
23.0.0 software (SPSS Inc., Chicago, IL, 
USA). Principal component analysis (PCA) 
was applied for each animal and selected 
protein biomarkers in order to investigate 
the biological variability of individual 
samples.  
Each identified protein showing 
statistically significant differences in 
abundance between normal and high pHu 
group was matched in agreement with 
their biological function using Gene 
Ontology term from the AmiGO website 
(http://amigo.geneontology.org/amigo/). 
Analysis of functional interactions from 
these identified proteins was performed 
using the STRING v.10.5 software in order 
to obtain a protein-protein interaction 
network. Bos taurus species was used as a 
main taxonomy constraint in all analyses. 
2.3 RESULTS AND DISCUSSION 
Figure 1 illustrates the reproducible 
protein distribution achieved in SDS-
PAGE gels regarding the fractionated 
myofibrillar sub-proteome of normal (1a) 
and high (1b) pHu samples using OFFGEL 
technology in the pH range 4-7. 
Statistically significant differences (P ≤ 
0.001) of pH were observed between the 
two pHu groups, being mean values for 
normal and high pHu groups 5.53 ± 0.14 
and 6.56 ± 0.25, respectively. Statistical 
treatment of image results from gels 
revealed how intensity of bands A, B and 
C were significantly (P < 0.05) higher in 
normal than in high pHu meats; contrary 
to this, intensity of band D was higher in 
high pHu samples (squared bands in 
Figure 1). Quantification values obtained 
from image analysis of these four bands 
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Figure 1. SDS-PAGE (12 %) separations of two representative meat samples obtained after OFFGEL 
enrichment/fractionation (4-7 pH range): a) normal pHu; b) high pHu. Std: Molecular weight distribution 
of protein standards. The complete set of gel images corresponding to all analysed samples and their 
duplicates are available at http://doi.org/10.20350/digitalCSIC/12508. 
 
Figure 2. Image analysis quantification of bands A to D from Figure 1 corresponding to normal pHu (■, 
n=6) and high pHu (□, n=6) meat groups. Error bars indicate the standard error of the mean for each 
group.  
Table 1 summarizes main results of LC-
MS analysis addressing identification of 
proteins corresponding to bands A to D. 
Quantitative significant differences (P < 
0.05) of these bands between normal and 
high pHu meats would allow proposing 
the identified proteins as reliable 
indicators of high pHu on bovine meats. 
Further qualitative information of protein 
assignments regarding sequence of their 
identified tryptic peptides is detailed in 
Table S1 of supplementary material. As 
expected, desmin (DES) isolated in band A 
matched its theoretical pI with the pH 
value of its corresponding OFFGEL 
position (fraction 6; Table 1). Similarly, 
pyruvate kinase isoform X1 (PKM, 
theoretical pI 7.62) detected in band B was 
focused on fraction 12 at the highest pH 
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evidencing that a better protein fractio-
nation could be achieved by expanding the 
upper experimental pH range of OFFGEL 
fractionation. Interestingly, LC-MS analy-
sis revealed how myosin light chain 1/3 
(MYL1) was the main protein of band C, 
being distributed along two neighbouring 
OFFGEL fractions with different pI value 
(Table 1). This can be understood 
considering the occurrence of post-
translational modifications (i.e. phospho-
rylations or acetylations) that can influence 
the pI of this protein[19]. In any case, 
quantification of this protein was done by 
the sum of the band intensities from both 
aforementioned neighbouring fractions 
conforming band C. Efficiency of the LC-
MS analysis led to identify myosin-1 
(MYH1) and myosin-2 (MYH2) isoforms 
coexisting in band D, both sharing same pI 
and Mr (5.6 and ~220 kDa, respectively, 
Table 1). Again, discrepancies between 
theoretical pI and experimental pH value 
of OFFGEL fraction hosting these proteins 
can be explained attending to the 
previously mentioned post-translational 
protein modifications. 
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The PCA displaying the two first 
discriminant functions explain 76.70% of 
the total variability and represents the 
factor scores of each individual (animal) 
and factor loadings of each selected 
protein (Figure 3). Normal and high 
pHu samples were clearly separated 
through the first component (PC1) in 
which normal pHu samples had positive 
factor scores, while high pHu samples 
had negative factor scores. On the other 
hand, PC1 show high correlation (factor 
loadings > 0.7) with proposed PSS 
protein markers being desmin, pyruvate 
kinase and myosin light chain related to 
normal pHu samples, while myosin-1 
and -2 were related to high pHu samples. 
Therefore, the mentioned proteins 
proved to be highly discriminant for 
differentiating samples with normal 
pHu from those with high pHu.
 
Figure 3. Animal sample and protein distribution on the two-dimensional coordinate system defined by 
principal component (PC) 1 and 2. Each point represents either an individual sample (▲ Normal pHu 
samples; □ High pHu samples) or the proposed PSS protein biomarkers (●). 
Figure S1 of supplementary material 
illustrates the protein-protein interaction 
network among the identified proteins 
shown in Table 1 considering their 
biological role in Bos taurus species. 
Logically, PKM is out of the network since 
the myofibrillar fraction is mainly 
integrated by structural (insoluble) rather 
than metabolism (soluble) proteins, these 
latter having an important role in the 
glycolysis pathway. Presence of soluble 
proteins in the myofibrillar fraction has 
been previously described[20]. This can be 
explained considering solubility changes 
of proteins induced by the pH reduction 
and high temperature occurring at early 
post-mortem times[21], which can cause 
protein denaturalization and aggregates 
that precipitate onto myofibrils[22]. MYL1 is 
located in the centre of the node and it is 
connected to MYH1, MYH2 and DES, 
which is reasonable considering that 
myosins are the most abundant proteins of 
thick filaments. Interaction of such 
structural proteins was reported through 
the study of the actomyosin complex that 
associates myosin light chains with myosin 
heavy chains and actin[23]. Additionally, 
some authors stated how DES connects 
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cellular structures, maintaining the 
structural integrity and contractility of 
muscle cells[24, 25]. This cytoskeletal protein 
can be degraded by the action of calpains 
during the first 24h post-mortem[26, 27], with 
the resulting weaker mechanical resistance 
and the loss of muscle cell integrity that 
reduce drip loss and increase WHC[28]. 
Moreover, µ-calpain activity seemed to 
hydrolyze both myosin chains[29]. 
In this research, meat with high pHu had a 
significantly lower abundance of desmin 
(Figure 2). It is known that DFD meats are 
positively related to tenderness and WHC 
at 24h post-mortem[14] due to the fact that 
higher pHu of meat enhances calpain 
activity[30-33], having DES as one of its 
preferred substrates[29]. Other authors 
found that DES was degraded more 
quickly in samples with lower shear force 
values than from samples with higher 
values[34]. So, our results could be 
understood considering those reported by 
previous authors who stressed that the 
increase of tenderness associated with 
desmin degradation at early post-mortem 
times[34] could be a result of enhanced 
calpain activity in meat with high pHu 
induced by stress[30].  
Regarding the pyruvate kinase, even 
though several studies have stated its 
relevance as biomarker of tenderness[20, 35], 
knowledge about its role in PSS meat is 
scarce. As depicted in Figure 2 (band B), 
abundance of PKM was significantly 
higher in normal compared to high pHu 
meat. This can be explained considering 
the glycogen depletion occurring in cattle 
under PSS condition, giving rise to a 
decrease of the glycolysis rate after 
slaughter. Some studies suggested that the 
phenomenon of dark cutting meat might 
be related to reduced concentration and/or 
activity of muscle glycolytic enzymes[17]. 
Therefore, and supporting the present 
results, proteins involved in the glycolytic 
pathway such as PKM may be 
downregulated by PSS. 
The role of myosin light chain protein 
isoforms in meat tenderization is still 
controversial. As previously mentioned, 
elevated pH of DFD meat allows 
proteolytic enzymes to increase the 
hydrolysis of myofibrillar proteins such as 
MYL1, thus exhibiting a lower abundance 
with respect to normal pHu meat as shown 
in Figure 2. Some authors pointed out that 
both calpain and caspase system might 
lead to higher myofibrillar proteolysis 
under oxidative stress, resulting in greater 
myofibrillar degradation[36]. In contrast, 
Franco et al. described two phospho-
rylated fast skeletal myosin light chain 2 
proteins that were specific of DFD meat, so 
they were proposed as PSS biomarkers in 
LT muscle of Rubia Gallega cattle breed[14]. 
In any case, further investigations are 
needed to better understand the evolution 
of myosin light chain proteins with respect 
to pHu variations of beef cattle.  
Opposite to the above commented proteins 
(DES, PKM and MYL1), myosin-1 and 
myosin-2 isoforms showed higher 
abundance in high pHu samples compared 
to normal pHu samples (Figure 2). Table 2 
details the peptide differences unveiled by 
LC-MS analysis that led to the positive 
assignment of  myosin isoforms -1 and -2 
(also known as myosin heavy chain 2x and 
2a, respectively) coexisting in band D 
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(Figure 1). The myosin isoforms present in 
each muscle determine the fibre type of 
muscle. Isoform 1 is the main component 
in slow-twitch fibres (type I fibres), 
whereas the other three isoforms (2a, 2x 
and 2b) are predominant in fast-twitch 
oxidative and/or glycolytic fibres (types 
IIA, IIX and IIB). Results concerning the 
higher content of myosin 2a and 2x 
isoforms in high pHu samples found in 
this work (Figure 2) could be understood 
considering those obtained by Ashmore 
and Ozawa et al., who suggested that αR 
fibres, also known as fast-twitch oxidative-
glycolytic fibres type IIA (rich in 2a 
isoforms), seemed to be positively related 
to PSS in DFD meat[37,38]. In our case we 
have identified isoforms 2a and 2x, both of 
them present in fibres type IIA. Moreover, 
Young and Foote concluded that bovine 
muscles that are low in glycolytic capacity 
and high in oxidative capacity (integrated 
by fibres type I) are less prone to the dark-
cutting condition[39]. In this sense, further 
investigations are required in order to 
understand the roles that these isoforms 
play in pre-slaughter stressed animals.
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2.4 CONCLUDING REMARKS 
Quantification/identification of different 
myofibrillar protein profiles of normal and 
high pHu meats enabled to propose 
desmin, pyruvate kinase isoform X1 and 
myosin light chain 1/3, together with 
myosin-1 and myosin-2 isoforms, as 
reliable indicators of the occurrence of 
ultimate high pH and PSS condition on 
bovine meats. These findings contribute to 
a better understanding of the biological 
mechanisms responsible for dark cutting 
meat. The study also supported the idea 
that sarcoplasmic proteins are not the only 
ones affected by stress at early post-
mortem times, but also myofibrillar 
proteome is altered by this condition and 
deserves further investigation. 
The proposed methodology using 
OFFGEL technology coupled to SDS-
PAGE and LC-MS analysis enabled the 
detailed study of the myofibrilar sub-
proteome of both normal and high pHu 
bovine meat samples at early post-mortem 
times. Implementation of this analysis 
workflow has proved to be an important 
step forward for comprehensive meat 
proteomic research in myofibrillar muscle 
extracts. In this line, future actions on this 
approach combined with other proteomic 
strategies will be the focus of future 
research. 
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Supporting Information is available from 
the Wiley Online Library or from the 
author. 
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Bovine sarcoplasmic sub-proteome was studied through a straightforward gel-free pipeline 
supported by liquid isoelectric focusing (OFFGEL) protein fractionation coupled to liquid 
chromatography-mass spectrometry (LC-MS) analysis. Full-MS and data-dependent MS/MS 
analyses were simultaneously performed by a conventional three-dimensional ion-trap 
addressing targeted quantitative and untargeted qualitative research, respectively. There 
were unambiguously identified 47 proteins distributed along 12 OFFGEL fractions assayed. 
Regarding intermediate- and high-abundant peptides, bulky quantitative data processing 
performed by MZmine 2 freeware yielded a satisfactory linearity and coefficient of variation 
with r2 in the 0.95–0.99 range and about 25%, respectively. Up to 41 peptides from 20 
identified proteins were relatively quantified throughout OFFGEL fractions. This reliable, 
flexible and affordable gel-free proteomic approach could be readily implemented by 
industry to improve quality assessment of protein-based food products. 
Keywords 
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3.1. INTRODUCTION 
Continuous innovations in “omic” 
technologies move researchers towards 
the generation of voluminous data that 
needs to be appropriately refined to 
achieve concise conclusions (Lin et al., 
2011). In the particular case of LC-based 
proteomics and metabolomics in “top” 
basic research, their current success 
strongly depends on the use of modern MS 
detectors merging, totally or partially, 
features such as high-mass resolution 
(HRMS), multiplexing capacity, dynamic 
range, scan speed and sensitivity (Griffiths 
and Wang, 2009). Uncertainties from 
conventional low resolution (LRMS) 
devices were surpassed by actual LC-
HRMS hardware that greatly facilitated 
the design of simple analytical procedures 
that can also skip the chromatographic 
separation step through direct infusion 
mass spectrometry approaches (Southam 
et al., 2017; Lu et al., 2019). Furthermore, 
bundles mating modern LC-HRMS 
detectors and licensed software packages 
constitute a powerful budget-dependent 
technology that is not commonly 
implemented in food industry. Generation 
of valuable results using conventional, and 
affordable, LC-LRMS instruments de-
mands special attention regarding sample 
preparation (i. e. enrichment/purification), 
chromatogra-phic resolution and optimi-
zation of MS settings of analysis to 
overcome their inherent technical 
limitations such as low scan rate, 
sensitivity, signal stability and mass 
resolution. Data processing also deserves 
special attention to ameliorate such 
drawbacks that greatly affect qualitative 
and quantitative analyses (Evans 2014; 
Mann and Kelleher, 2008). From this, food 
industry calls for straightforward, 
affordable, flexible, robust and reliable 
high-output “omic” pipelines of analysis 
supported by conventional LC-LRMS 
detection (Bu et al., 2016). 
Actions addressing sample enrichment 
greatly help in the betterment of LC-MS 
sensitivity that, in the particular case of 
protein analysis, was traditionally guided 
by gel-based approaches. However, gels 
have intrinsic disadvantages such as the 
use of hazardous chemicals (i. e. poly-
acrylamide), higher susceptibility to 
contamination, lack of reproducibility, 
experimental costs and manual work 
demanding (Monteoliva and Albar, 2004). 
Recent studies proposed liquid isoelectric 
focusing (OFFGEL) as a preliminary 
enrichment/fractionation step followed by 
SDS-PAGE and LC-MS approaches for 
biomarkers hunting of meat tenderness 
(Beldarrain et al., 2018; Fuente-García et 
al., 2019). Interestingly, authors emphasi-
zed the good reproducibility of the 
achieved OFFGEL protein profiles in 
addition to the simplicity of the metho-
dology, suggesting its potential use for gel-
free proteomics. To date, there are no 
studies dealing with the advantages of 
direct hyphenation of OFFGEL protein 
fractionation with LC-MS analysis in meat 
quality research (i. e. discovery of peptide 
biomarkers related to tenderness or 
detection of defective Pale Soft Exudative, 
and Dark Firm Dry meats). 
Unlike qualitative analysis, automation in 
LC-MS quantitative proteomics appeared 
Appendix 3. Publication III 
124 
over the last decade. It was traditionally 
carried out manually or using inaccessible 
and intricate in-house programming 
approaches that hindered their externali-
zation (Wang et al., 2003). Recent 
popularization of open source program-
ming languages (i. e. R environment) led to 
release of flexible alternatives for 
automated quantification (Kohlbacher et 
al., 2009; Taverner et al., 2012), but their 
implementation is limited by the need to 
incorporate skilled programmers into 
research units. In this line, instability of the 
signal response of former MS detectors 
decreases efficiency of algorithms embed-
ded by most of the currently available data 
processing solutions. All those limitations 
together with uncertainties from LC-LRMS 
detection restricted former quantitative 
proteomic assays to some manually assis-
ted label-free determinations (Sentandreu 
et al., 2010). Thus, there is a necessity for 
robust, easy, affordable and reliable 
alternatives for automated qualitative/ 
quantitative protein research supported by 
LC-LRMS approaches. The simplest 
strategy to carry out the automated 
processing of MS data is given by the 
classical metabolomics workflow. Large 
data sets are uploaded into the considered 
computational application loading an in-
house/on-line library listing m/z and 
retention times of target analytes. Main 
constraints for positive assignments are 
mass and retention times tolerances but in 
the particular case of right peak picking 
MS1 filtered peptides, uncertainties from 
LRMS detection result less harmful than in 
metabolomics research since target masses 
used to be above m/z 500. Then, time-
aligned identified peaks are integrated and 
results finally merged in an exportable 
report. Main differences between pro-
grams are the algorithms considered for 
peak picking/integration of signals and the 
possibility of operating as search engines 
using on-line spectral libraries such as 
UniprotKB or NCBIprot in the case of 
proteomic approaches. However, uncer-
tainties from LC-LRMS analysis combined 
with the impossibility of considering 
retention time of signals as a constraint 
negatively affect automated quantification 
of peptides supported by on-line data-
bases. On the contrary, it is not critical for 
automated identification of proteins by 
search engines interrogating MS/MS 
breakdown patterns of their enzymatically 
released peptides. In any case, the number 
of studies addressing qualitative/quan-
titative gel-free meat proteomics combi-
ning OFFGEL fractionation, untargeted/ 
targeted LC-LRMS analysis and auto-
mated data processing by open source 
solutions is negligible. 
This research aims at studying sarco-
plasmic proteins in detail through a 
flexible and straightforward pipeline 
research. OFFGEL protein fractionation 
was coupled to LC-LRMS determination of 
tryptic peptides as an easy and flexible gel-
free strategy for bulky analysis. Comple-
mentary untargeted qualitative and 
targeted quantitative workflow analysis 
combining Full-MS and data dependent 
MS/MS (dd-MS2) experiments featured by 
a conventional three-dimensional ion-trap 
(3D-IT) was exhaustively evaluated.  
This affordable gel-free methodology can 
be of great interest for food industry to 
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study and enhance protein quality of 
traded products. 
3.2. MATERIALS AND METHODS 
 
3.2.1 Chemicals 
LC-MS grade ACN, TFA, formic acid (FA), 
EDTA, Tris, glycerol, urea, thiourea and 
DTT were from Scharlab (Scharlab S. L., 
Barcelona, Spain). Ultrapure grade water 
was from Millipore (EMD Millipore Co., 
Billerica, MA, USA). Sucrose, protease 
inhibitor cocktail (P8340) and ammonium 
bicarbonate were from Sigma-Aldrich 
(Sigma-Aldrich Co., St. Louis, MO, USA). 
Bradford Protein Assay Kit was from Bio-
Rad (Bio-Rad, Hercules, CA, USA). 
Immobilized pH gradient gel (IPG) strips 
and IPG buffer pH 3-10 were from GE 
healthcare (GE healthcare, Uppsala, 
Sweden). Modified trypsin was from 
Promega (Promega, Madison, WI, USA).  
3.2.2 Preparation of the internal 
standards solution 
Wild almond was from a local market 
(Valencia, Spain) and protein extract was 
obtained as proposed by Mirzapour et al. 
(2016) finding a resultant protein content 
of 10 mg/mL determined by Bradford 
protein assay (Bradford, 1976). Extracts 
were tryptically digested (3 h, 37 °C and 
pH 7.8) at an enzyme/substrate ratio of 
1.0% (w/w) and centrifuged at 4000 g for 10 
min at 4 °C using an Avanti J-26S XP 
Beckman Coulter centrifuge (Brea, CA, 
USA). Supernatants were 1:46 diluted with 
aqueous 0.1% TFA and aliquots stored at    
-20 °C until spiked as internal standards 
(ISs) into meat protein samples. 
3.2.3 Sample selection 
Longissimus thoracis (LT) muscle was 
obtained from a 18 months old Limousine 
veal carcass (Industrias Cárnicas Corella 
S.L. Venta del Aire, Teruel, Spain) im-
mediately after slaughter and kept at 4 °C. 
The epimysium was carefully dissected 
and, at 24 h post-mortem, samples were 
vacuum packed in 50 g portions and stored 
at -80 °C until processed for protein 
extraction.  
3.2.4 Extraction of sarcoplasmic 
proteins 
Half a gram of meat was homogenized in 4 
mL of extraction buffer (10 mM Tris pH 
7.6, 1 mM EDTA, 0.25 M Sucrose) contain-
ing 25 µL of inhibitors cocktail using an 
Ultra-Turrax Yellow Line Di 25 (IKA-
Werke GmbH, Staufen, Germany). The 
homogenate was centrifuged at 20,000 g 
for 20 min at 4 °C using a Beckman Coulter 
centrifuge (Brea, CA, USA), being the 
obtained supernatant filtered through a   
45 µm PVDF filter and stored at -80 °C 
until fractionation. Total protein quanti-
fication of the extract was assessed by the 
aforementioned assay. 
3.2.5 Gel-free OFFGEL 
fractionation/enrichment 
Sarcoplasmic proteins were separated 
according to their isoelectric point (pI) in 
liquid phase along 12 fractions using 13 cm 
immobilized pH gradient gel (IPG) strips 
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with a linear pH gradient in the range 3-10. 
A volume containing 1 mg of total protein 
of the sarcoplasmic extract was considered 
for protein fractionation, bringing it up to 
a final volume of 2 mL with 1.25X protein 
OFFGEL stock solution (6% v/v glycerol, 7 
M urea, 2 M thiourea, 65 mM DTT and IPG 
buffer pH 3-10) in order to load 150 µL of 
this solution on each well. Fractionation 
was carried out using an Agilent 3100 
OFFGEL fractionator (Agilent Tech., Palo 
Alto, CA, USA) at 20 °C with a constant 
current of 50 µA to reach 20 kVh during 20 
hours following the manufacturer’s 
instructions. Fractions were separately 
collected by pipetting, cleaned up using 
OMIX 100 µL C18 pipette tips (Agilent 
Tech. S. L., Madrid, Spain) and recovered 
acetonitrile eluates completely evaporated 
by a SPD121P Speed Vac concentrator 
(Thermo Scientific, San Jose, CA, USA) 
previously to tryptic digestion.  
3.2.6 In-solution trypsin digestion of 
the OFFGEL protein fractions 
Dried fractions were rediluted in 15 µL of 
a sequencing grade modified trypsin 
solution at a 12.5 µg/mL concentration and 
mixed with an equal volume of 50 mM 
ammonium bicarbonate (pH 8.5). The mix 
was then incubated overnight at 37 °C with 
continuous gently shaking allowing 
digestion of proteins by trypsin. After 
incubation, each fraction was completely 
evaporated as indicated above and 
resuspended in 70 µL of a 0.1% TFA 
aqueous solution. Fifty µL of each fraction 
were separately mixed with 15 µL of the IS 
solution in Eppendorf tubes, stirred and 
centrifuged at 22,000 g for 3 min prior to be 
poured into LC-MS vials, constituting the 
OFFGEL (OFGL) sarcoplasmic fractions 
batch. The remaining 20 µL of each fraction 
were collected in the same Eppendorf tube, 
giving rise to a final pooled volume of 240 
µL. Seventy µL of this pool were mixed 
with 20 µL of the IS solution in a separate 
Eppendorf tube, stirred, centrifuged 
(22,000 g for 3 min) and poured into a LC-
MS vial, constituting the quality control 
(QC) batch. The remaining 170 µL of the 
pooled mix were used to construct the 
calibration curves of targeted peptides as 
follows: five different volumes of the mix 
ranged from 10 to 50 µL (in 10 µL steps) 
were isolately mixed in Eppendorf tubes 
with 10 µL of the IS solution and a variable 
volume of aqueous 0.1% TFA solution to 
reach a final volume of 60 µL. Tubes were 
stirred, centrifuged (22,000 g for 3 min) and 
poured into LC-MS vials constituting the 
calibration (CAL) batch.  
3.2.7 LC-MS analysis  
Chromatographic analysis was carried out 
in a Thermo Surveyor LC system with a 
cooled autosampler, quaternary pump and 
vacuum degasser coupled to a Thermo 
LCQ Advantage ion-trap analyzer loading 
an ESI probe operating in positive 
ionization mode (Thermo Scientific, San 
Jose, CA, USA). Peptides separation was 
achieved by a reverse-phase 150 x 0.5 mm, 
4 µm particle size Jupiter Proteo column 
from Phenomenex (Phenomenex Inc., 
Torrance, CA, USA). Mobile phases were 
solvent A containing 0.1% FA (v/v) in 
ultrapure water and solvent B containing 
0.1% FA (v/v) in ACN with the following 
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separation conditions: initially 0% B, held 
for 15 min, 0-20% B in 2 min, held for 4 min, 
20-40% B in 1 min, held for 8 min, 40-100% 
B in 1 min, washing with 100% B for 8 min 
and column equilibration at initial 
conditions for 55 min. Injection volume 
was 10 µL for quality control (QC) and 25 
µL for CAL and OFGL batches. 
Autosampler and column temperatures 
were 10 °C and 23 °C, respectively. Flow-
rate was set to 50 µL/min. 
Operating conditions of the MS device 
were: capillary temperature, 250 °C; 
normalized collision (CID) energy for 
MS/MS analysis, 35%; spray voltage, 4.0 
kV; capillary voltage, 15.0 V. Injection 
method merged two scan events: Full-MS 
analysis of intact peptide masses in the 
400-2000 m/z  range followed by a dd-MS2 
experiment of most intense ions from Full-
MS scan with +1 to +4 charges with the 
following dynamic parameters: minimum 
MS/MS ion intensity threshold, 1x105; 
exclusion list, 25 masses including those 
from spiked almond ISs and background 
noise from a blank injection; exclusion 
time, 3 min; exclusion mass width, 3 amu; 
repeat count for MS/MS of most intense 
ion, 3; repeat count duration, 0.5 min. 
Regarding sensitivity and scan speed of 
the mass analyzer the number of 
microscans-maximum injection time were 
1-200 ms and 1-300 ms for Full-MS and dd-
MS2, respectively. Control of the LC-MS 
system and manual data processing was 
featured by a PC loading the Thermo 
Xcalibur v2.04 software (Thermo Sci., San 
Jose, CA, USA).  
The LC-MS device continuously operated 
until completing the sample list analysis 
(about 40 h) to test robustness of 
determinations. Then, QC vial was injected 
at the beginning, middle and end (n=3) of 
the OFGL batch sequence (n=12), finalizing 
the sample list with the CAL batch analysis 
(n=5).  
3.2.8 Untargeted protein 
identification analysis (protein 
mapping) 
Sarcoplasmic protein were identified 
interrogating dd-MS2 data from OFGL 
batch analysis using a licensed copy of 
Mascot v2.3 search engine 
(www.matrixscience.com) loading the 
UniprotKB (www.uniprot.org) and 
NCBIprot protein databases with the 
following settings: enzyme, trypsin; no 
fixed or variable modifications but enabled 
the “Error tolerant” option; mass accuracy; 
1.2 and 0.8 Da for Full MS and MS/MS 
scans, respectively; taxonomy restriction 
parameter, Mammalia. The decoy option 
was used to estimate the false positive 
rates by means of False Discovery Rate 
(FDR) threshold 1%. Only those identifica-
tions with a protein score derived from 
individual ion scores indicating identity or 
extensive homology (p<0.05) were conside-
red as true protein identifications.  
Tryptic almond peptides of the IS solution 
were partially characterized as mentioned 
above but using “green plants” as a 
taxonomy restriction parameter. 
3.2.9 Targeted peptide quantification 
analysis 
Full-MS data from OFGL batch analysis 
was manually processed using Xcalibur to 
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study peak symmetry of signals 
corresponding to peptides that positively 
covered previously identified proteins. 
Mass tolerance considered was 0.5 Da and 
assignments were manually inspected by 
matching experimental MS/MS break-
down patterns with those detailed in 
Mascot search. Thus, an in-house library 
(.csv format, Table S1) was built listing 
intact masses and respective retention 
times of identified sarcoplasmic peptides 
with acceptable peak shape. Database also 
listed 16 known/unknown almond pepti-
des (IS) used to normalize quantitative 
results. Since peptides at m/z 903.1 and 
949.2 were shared by alpha and beta 
enolases, their automated determination 
will address the achievement of a unique 
alpha/beta enolase assignment.  
Proteomic research assisted by LC-LRMS 
detection conventionally addressed quali-
tative analysis and then, only MS/MS data 
used to be relevant independently of 
symmetry and retention time reproducibi-
lity of chromatographic peaks achieved by 
Full-scan analyses (i.e. Full-MS, multiple 
reaction monitoring and all ion fragmenta-
tion (AIF)). In contrast, success in 
automated quantitation strongly depends 
on chromatographic-related features 
affecting peak area integration and 
alignment. As an example, Figure S1 
illustrates acceptable (S1A) and non-
acceptable (S1B) Full-MS signals (in gray) 
of ions at m/z 1045.5 and 927.7 
corresponding to peptides of hemoglobin 
subunit beta and gluthatione-S-transferase 
found in OFGL fraction 9, respectively. 
Peak asymmetry constrained quantitative 
analysis since many signals were 
tentatively identified (see Figure S1C for 
Mascot search of ion at m/z 927.7) but no 
further quantified as consequence of their 
poor peak shape (not considered in Table 
S1). Similarly, a minimum number of scans 
across the chromatographic peak is needed 
to achieve correct area integrations of Full-
scan signals. Low scan rate of affordable 
analyzers that can be of interest for food 
industry greatly compromise quality of 
quantifications. Such setback must be 
handled through the appropriate optimi-
zation of the scanning acquisition accor-
ding to the width of chromatographic 
peaks and the number of multiplexed scan 
events, thus reaching a good compromise 
between qualitative and quantitative 
approaches. In our case, peak width of 
peptides listed in Table S1 was rather 
wide (1 to 2 min) as consequence of the 
diffusion effects from injecting large 
volumes into a 0.5 mm i. d. chromato-
graphic column. Under MS conditions 
assayed the Full-MS scan rate was 1 
scan/1.8 sec, giving 35-60 scans/peak that 
was translated into the obtaining of 
irregularly shaped signals as consequence 
of loading former unstable ESI probes.  
Considering the above, there was 
performed a preliminary screening of 
freely available computational solutions 
addressing the automated quantitative 
analysis of batches studied. Freeware 
MZmine 2 v.2.53  
(https://github.com/mzmine/mzmine2/rel
eases) was finally selected since it 
exhibited important advantages such as its 
user-friendly interface, processing of 
Thermo RAW data files without a 
preliminary format conversion (i. e. 
mzXML, mzML etc.), wide mass and 
retention time tolerances, low hardware 
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requirements and algorithm of analysis 
yielding comparable results than those 
from manual Xcalibur processing. In this 
line, other licensed and open-source 
alternatives such as Thermo Sieve 2.2.58 
SP2 and Maven_682, respectively, 
achieved very unsatisfactory results (data 
not shown). The well-formatted customi-
zed library loaded was Table S1 whereas 
automated workflow and optimized 
settings used are summarized in Table S2. 
3.3 RESULTS AND DISCUSSION 
Supplementary Figure S2 displays a 
graphical summary of the workflow 
followed in this research to ease 
understanding of the proposed proteomic 
pipeline.  
3.3.1 Untargeted qualitative analysis  
Coverage of the exploratory proteome 
research of OFGL samples yielded the 
unambiguous identification of 47 sarco-
plasmic proteins. Table S3 shows protein 
distribution across the 12 OFFGEL 
fractions sorted by their molecular (Mr) 
weight and pH range assayed. In contrast 
to previously stated regarding Table S1, 
alpha and beta enolases were differen-
tiated by Mascot analysis since MS/MS 
patterns from discriminant peptides were 
considered. Qualitative analysis addressed 
majority of identifications to Bos taurus 
species with only six exceptions (bolded in 
Table S3) since protein databases loaded 
did not list sequences of such proteins 
from bovine species. Moreover, efficiency 
of fractionation was evidenced when 
highest Mascot scores (in brackets at ID 
cells in Table S3) were generally achieved 
in fractions whose experimental pH range 
met, or was close to, the theoretical pI of 
positive protein assignments. Apparition 
of proteins in fractions with a far or 
neighboring pH range from their theore-
tical pI (i. e. glyceraldehyde-3-phosphate 
dehydrogenase and myoglobin, respec-
tively) can be explained by post-
translational modifications such as 
phosphorylations or acetylations (Franco 
et al., 2015; Meisrimler and Lüthje, 2012). 
3.3.2 Targeted quantitative analysis of 
peptides  
As stated above, comparable peak area 
integrations of peptides were reached by 
MZmine and Xcalibur in a preliminary 
screening to optimize the scan rate of the 
MS system. After that, a more detailed 
validation assessment of quantitative 
analysis by processing QC data was 
carried out.  
Firstly, we must consider that customized 
library (Table S1) was built from the 
analysis of the OFGL batch (25 µL as 
injection volume), finding shorter reten-
tion times for assignments from QC 
injections (10 µL of injection volume). 
Then, automated processing of QC batch 
loaded such database but listing reduced 
retention times (-0.5 and -1.5 min for 
assignments up to the first 10 min of run 
time and from 55 min onwards, 
respectively). Secondly, integrated peak 
areas of positive assignments (sarco-
plasmic peptides and ISs) from QC, CAL 
and OFGL analyses were normalized in 
this work by the closest IS eluted 
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(analyte/IS ratio) to relatively quantify 
samples. Differences in the election of IS 
normalizers between batches can occur 
since averaged retention times of 
assignments varied by different injection 
volumes assayed. 
Figure S3 illustrates manual (A to C) and 
automated (D to F) peak area integration of 
low- (m/z at 1012.3, Figures S3A and S3D), 
medium- (m/z at 748.3, Figures S3B and 
S3E) and high- (m/z at 1222.3, Figures S3C 
and S3F) abundant peptides found in QC2 
run (center of the injection sequence of 
OFGL batch, see LC-MS analysis section) 
from phosphoglycerate kinase 1, myoglo-
bin and unknown IS proteins, respectively. 
Comparable results were reached by 
Xcalibur and MZmine data processing, 
finding similar results in most assignments 
throughout QC samples (Xcalibur vs. 
MZmine, Table 1). Automated results 
were IS normalized and ratios achieved led 
to evaluate reproducibility among QC 
injections (3 technical replicates). From 
this, there was established a confidence 
threshold whereby peak areas automa-
tically integrated with values above 7x106 
were generally comparable with those 
from manual processing and yielded 
reproducible results with acceptable 
deviations (up to 25% of coefficient of 
variation, CV, bolded in Table 1). Such 
threshold was influenced by inherent 
sensitivity limitations of 3D-ITs aggra-
vated by interferences from using low-
mass resolution detection that increased its 
overall value. Obviously, harmfulness of 
such limitations was lower for signals 
unaffected by mass uncertainties as shown 
by the low-abundant phosphoglycerate 
kinase 1-4 peptide (Figures S3A-S3D and 
Table 1), suggesting their potential use as 
robust peptide biomarkers in meat quality 
assessment. Overall, reliability of this 
methodology was mostly limited to 
medium- and high- abundant (integrated 
peak area values from 7x106 onwards) 
peptides under instrumental conditions 
assayed. 
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Upon defining validation boundaries, next 
step was to test linearity of those 
sarcoplasmic peptides that exhibited 
acceptable results in the QC experiment 
(15, bolded in Table 1). Automated 
quantitative analysis of CAL batch (Table 
2) yielded 18 calibration curves of bovine 
peptides and included those from 
triosephosphate isomerase-1, actin-2 and 
Protein/nucleic acid deglycase DJ 1-3 that 
were close to reach acceptable results in the 
preliminary QC study (25%<CV<50%, 
Table 1) finding, as expected, that 
retention times of assignments met those 
listed in Table S1. Linearity achieved was 
rather good in all cases (r2 ranged between 
0.95 and 0.99) as shown by Table 2 and 
Figure S4. Among these meaningful 
results, triosephosphate isomerase-1, 
actin-2 and Protein/nucleic acid deglycase 
DJ 1-3 peptides confirmed the relevance of 
reaching the confidence threshold in their 
peak area integrations (Table 2). Similarly 
to LC-MS-based metabolomics, peptides 
with lower experimental masses (about 
m/z <850) had the weakest results (r2≈ 0.95) 
since they were more prone to deviations 
exerted by LRMS detection.  
Results from pooled samples (QC and 
CAL batches) may suggest feasibility of 
direct quantitative peptide analysis of raw 
(unpurified/unfractionated) protein ex-
tracts once completing the preliminary 
qualitative approach. Further research is 
needed about the potential use of this 
methodology for routine analysis.  
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The final step of the proposed proteomics 
pipeline was to perform the automated 
quantitative analysis of OFGL batch. As a 
constraint, integrated peak areas below 
7x106 were discarded to ensure reliability 
of determinations. Table S4 shows direct 
automated peak area integration and IS 
normalized results of 41 sarcoplasmic 
peptides found in OFFGEL fractions 
studied. Then, normalized ratios for each 
identified peptide were divided by the 
lowest value reached by same assignment 
across pH ranges assayed (Table S5) to 
calculate the fold change variation. This 
representation facilitated the elucidation of 
representative peptides (bolded in Table 
S5) from identified proteins according to 
their presence in fractions. As an example, 
we have creatine kinase M with three 
quantitative peptides (Table S1) but 
among them, peptide at m/z 893.8 was 
present in all detectable fractions (1, 7, 8, 9, 
10, 11 and 12) addressing the identification 
of the parent protein. In contrast, peptides 
at m/z 998.3 and 754.7 appeared in only five 
(7, 8, 9, 10 and 11) and three (7, 8 and 9) of 
those fractions, respectively. Summation 
of the fold change of peptides belonging to 
the same parent protein detailed in Table 
S5 enabled visualization of the OFFGEL 
distribution of 20 muscle sarcoplasmic 
proteins, not peptides, achieved by the 
targeted quantitative approach (Table 3A). 
Results (sorted by molecular weight) were 
comparable with those regarding same 
proteins (Table 3B) previously character-
rized by the untargeted qualitative study 
and listed in Table S3. Interestingly, 
normalized protein abundances shown by 
Table 3A generally followed the same 
trend than Mascot scores in Table 3B, 
suggesting that higher protein abundances 
were translated into higher scores.  
Compared to Table S3, number of proteins 
listed in Table 3A must be lower since 
many of identified peptides by Mascot 
analysis had a poor chromatographic 
response, thus hindering quantitative 
analysis as previously mentioned. More-
over, automated quantitative processing of 
OFGL data was also constrained by the 
integrated peak area confidence threshold 
considered, which evidently compromised 
determination of low abundant peptides (i. 
e. absence of myoglobin peptides in 
OFFGEL fraction 1 in Table 3A). 
Improving chromatographic features of 
signals (through narrower and better-
shaped peaks) and/or using LC-HRMS 
approaches that greatly raise sensitivity 
and selectivity of analyses can surpass 
such restriction. In contrast, apparition of 
peptides in OFGL experiment not 
previously mentioned by the QC study (i. 
e. at m/zs 907.5 and 911.6 from phospho-
glucomutase-1 and histidine triad 
nucleotide-binding protein 1, respectively, 
Table S4 and Table 3A) demonstrated 
efficiency of the OFFGEL fractionation as a 
protein enrichment strategy.  
Independently of the different experimen-
tal conditions assayed to analyze batches, 
well-established ratios among ISs must 
remain constant all time. To test such 
assumption, Table S6 summarizes overall 
robustness of the automated quantitative 
analysis since ISs in QC (3 technical 
replicates), CAL (5 technical replicates) 
and OFGL (12 technical replicates) 
approaches were equally normalized 
through pairs initially proposed in QC 
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study (Table 1). In general, averaged ratios 
from different batches were rather 
comparable and confirmed reliability of 
the methodology proposed as shown by 
global CVs achieved (up to 20% in most 
cases, Table S6) considering 20 technical 
replicates.  
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3.4 CONCLUSIONS 
The efficiency of the proposed straight-
forward gel-free pipeline analysis to 
perform reliable qualitative/quantitative 
proteomic approaches was demonstrated 
supported by conventional LC-MS analy-
sis. Protein enrichment carried out by 
OFFGEL fractionation directly hyphena-
ted to optimized LC-LRMS analysis 
greatly facilitated sampling procedure and 
improved sensitivity in the detection of 
tryptic peptides derived from muscle 
sarcoplasmic proteins.   
Implementation of this robust, flexible, 
reliable and affordable LC-MS proteomic-
based methodology is extremely easy and 
can promote the creation of new insights in 
proteome research of foodstuffs by 
industry to obtain higher quality products. 
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A wide variety of factors prior to slaughter may affect the stress status of beef cattle, giving 
rise to well-known ‘dark-cutting’ defective meats characterised by a high ultimate pH (pHu). 
To understand the underlying mechanisms of pHu fluctuations in beef cattle there was 
studied the proteome changes caused by pre-slaughter stress through a gel-free proteomic 
approach. Comparative peptidomic analysis was carried out on 12 loin samples at 24h post-
mortem from Longissimus thoracis et lumborum bovine muscle of crossbred animals, 
previously sorted into two different groups according to their pHu values: normal (pHu < 
6.0) and high (pHu ≥ 6.0). Tryptic peptides from direct protein extracts were approached by 
combining untargeted (intact mass, MS1) and targeted (Selected Reaction Monitoring, SRM) 
quantitative LC-MS assays followed by chemometric analysis. Seventeen peptide 
biomarkers belonging to 10 different proteins appropriately discriminated sample groups 
assayed. Results may promote the use of this simple and effective methodology towards the 
creation of new insights in meat quality research.  
Significance: The significance of this study was the optimization of an affordable 
straightforward gel-free proteomic approach addressing the differentiation of the muscle 
sub-proteome of normal and high pHu meat samples. This strategy allowed the study of 
tryptic peptides from direct meat protein extracts by combining untargeted MS1 and targeted 
SRM quantitative assays performed by conventional LC-MS detection. Affordability, 
simplicity and robustness of this methodology can facilitate its readily implementation in 
routine protocols for quality assessment of meat. 
Keywords 
Pre-Slaughter Stress ● High pHu Meat ● Gel-Free Analysis ● Targeted Quantitative Analysis 
• Peptide Biomarkers • Muscle Proteome
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4.1 INTRODUCTION 
Pre-slaughter stress (PSS) response in 
cattle is one of the main negative 
modulators of meat quality attributes. 
Animal stressing promotes apparition of 
defective meats such as dark-cutting meat 
(also known as dark, firm and dry, DFD) 
having a characteristic high ultimate pH 
(pHu) that is commonly rejected by 
consumers due to their undesirable 
colour/flavour and short shelf life [1]. 
Seasonal and geographical peculiarities as 
well as animal and meat handling practices 
have an important role on the occurrence 
of defective carcasses, ranged between 6 
and 50% of total carcasses [2], causing 
significant losses to meat industry [3,4]. 
Scientific studies can favour under-
standing of PSS condition aiming to 
minimize occurrence of faulty meat and to 
satisfy current high-quality demands of 
consumers and traders. Several studies 
were conducted to elucidate the funda-
mental basis of high pHu meats to develop 
efficient post-harvest strategies that can 
improve their colour and value [5]. 
Unfortunately, investigation on PSS is 
hindered by its multi-factorial origin 
involving intrinsic (i. e. genetics, breed, 
age, sex) and extrinsic (i. e. animal housing, 
feeding, transportation, lairage) variables 
[6]. PSS response induces the secretion of 
hormones such as catecholamines, cortisol 
and adrenaline that lead depletion of 
glycogen reserves of muscle to produce 
energy for its contraction and relaxation 
before slaughter [6-8]. In glycogen-
depleted muscle fibres, the substrate 
availability for post-mortem anaerobic 
glycolysis is reduced, limiting the 
production of lactic acid that is translated 
into the occurrence of defective meat with 
high pHu values. Determination of meat 
pHu is critical for industry [9] since 
authorities consider worldwide that values 
higher than 6.0 measured at 24 h post-
mortem are intimately associated to PSS 
animals [10] and DFD meats [2]. However, 
usefulness of pHu assessment is compro-
mised since high values do not necessarily 
guarantee apparition of true DFD meats 
[1].  
New insights addressing the search of new 
stress indicators are needed to understand 
biochemical mechanisms underlying PSS 
condition and to overcome uncertainties 
from classic pHu determinations in meat 
[1]. Further advances will positively 
contribute to better understand all aspects 
involving generation of animal welfare 
guidelines and good meat industry 
practices [1]. Assessment of PSS response 
can be excellently approached by proteo-
mic strategies monitoring protein/enzyme 
groups altered during post-mortem 
metabolism of meat from stressed animals. 
Surprisingly, only few recent proteomic 
studies addressed changes induced by PSS 
on the muscle proteome [9,11-18]. 
Achieved results strongly depended on 
gel-based methodologies that provided an 
excellent resolving power, although still 
having important limitations such as the 
poor representation of low abundant 
proteins, the use of hazardous chemicals (i. 
e. acrylamide), inaccurate quantitative 
image analysis and lack of reproducibility 
and automation [19]. Alternatively, 
Sentandreu et al. (2021) recently proposed 
a more sustainable gel-free proteomic 
Appendix 4. Publication IV 
148 
pipeline supported by liquid isoelectric 
focusing (OFFGEL) protein fractionation 
coupled to LC-MS exploratory analysis to 
study the bovine proteome [20]. Enrich-
ment and purification provided by 
OFFGEL fractionation greatly facilitated 
protein mapping and peptide quantifica-
tion of bovine sarcoplasmic extracts 
despite of using a conventional three-
dimensional ion-trap (3D-IT). Advantages 
shown by OFFGEL fractionation in 
untargeted analysis can be overshadowed 
by its time-demanding sample preparation 
(about 20 h) when used in routine analysis 
of targeted analytes. This compromises its 
implementation in standardized quality 
control protocols in food industry.   
Alternatively to efficient but costly high-
resolution (LC-HRMS) shotgun proteo-
mics mainly used in basic research, 
targeted LC-MS strategies based on 
selected reaction monitoring/multiple 
reaction monitoring (SRM/MRM) full-scan 
analysis can greatly simplify routine 
analysis of known peptides [21]. Main 
advantages of SRM/MRM approach are 
the affordability of the MS technology 
requested (mainly low-resolution, LC-
LRMS, ion-trap and triple-quadrupole, 
QQQ, devices), its high sensitivity and 
specificity that can avoid tedious 
enrichment/purification steps (i. e. SDS-
PAGE gels and OFFGEL fractionation) 
commonly used in the preparation of 
protein samples before analysis. Surprisin-
gly, there is a lack of MS-based analytical 
methodologies covering the study of the 
proteome associated to defective high pHu 
meats that could be easily implemented for 
quality evaluation in food industry. 
Main goal of this research was the study of 
the sarcoplasmic proteome of normal and 
high pHu bovine meat extracts through an 
innovative gel-free LC-MS proteomic 
strategy coupled with chemometrics 
aiming at biomarker hunting of meats with 
different pHu. Samples were analyzed by 
a conventional 3D-IT featuring a prelimi-
nary MS1 and MS/MS untargeted approach 
to search potential biomarker candidates 
followed by a targeted SRM assay to 
accurately test their discrimination effi-
ciency. Chemometrics combined principal 
component analysis (PCA) of preliminary 
MS1 data with parametric and non-
parametric statistical approaches of SRM 
results from direct protein extracts. Once 
identified, peptides showing discrimina-
tion capacity can be straightforwardly 
determined in crude protein extracts by 
targeted SRM analysis.  
4.2 MATERIALS AND METHODS 
 
4.2.1 Chemicals 
LC-MS grade Formic Acid (FA), ACN, 
TFA and 0.45 µm PVDF filters were from 
Scharlab (Scharlab S. L., Barcelona, Spain). 
Ultrapure grade water was from Millipore 
(EMD Millipore Co., Billerica, MA, USA). 
Bradford Protein Assay Kit was from Bio-
Rad (Bio-Rad, Hercules, CA, USA). 
4.2.2 Preparation of the internal 
standards (IS) solution 
A wild almond protein extract obtained 
from a local market in Valencia (Spain) 
was prepared according to [22] with a 
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resultant protein content of 10 mg/mL 
determined by the Bradford assay kit [23]. 
The extract was tryptically digested (3 h,  
37 °C and pH 7.8) at an enzyme/substrate 
ratio of 1.0% (w/w) and centrifuged at  
4000 g for 10 min at 4 °C using an Avanti J-
26S XP Beckman Coulter centrifuge (Brea, 
CA, USA). Supernatants were 1:46 diluted 
with aqueous 0.1% TFA and aliquots 
stored at -20 °C until spiked as IS into 
samples assayed. 
4.2.3 Sample selection  
Twelve bovine muscle samples belonging 
to Asturiana de los Valles x Friesian breed 
were collected from a commercial abattoir 
in the northern Spain. Animals were 
reared under intensive system (indoor 
fattening with concentrate meal and barley 
straw ad libitum). They were slaughtered 
and dressed at the age of 15 months 
(yearling bulls) according to EU 
regulations (Council Regulation (EC) No 
853/2004 and No 1099/2009). At 24 h post-
mortem, approximately 10 g of Longissimus 
thoracis et lumborum (LTL) muscle sample 
from the 13th rib was excised from the left 
half of each carcass. The epimysium was 
carefully dissected and samples were 
immediately frozen in liquid nitrogen and 
stored at -80 °C until processed for protein 
extraction. Muscle samples were classified 
in two different groups according to their 
pHu values: a) normal pHu samples 
(NORMAL, n=6), having pHu values 
below 6.0 (in our case 5.53 ± 0.14), and b) 
high pHu samples (HIGH, n=6) with pHu 
values higher than 6.0 (in our case 6.56 ± 
0.25). Measurements of pHu were perfor-
med at the sixth rib of the LTL muscle at 
24h post-mortem using a penetration 
electrode (CRISON pH/mV-meter 506, 
CRISON Instruments S. A., Spain). 
4.2.4 Preparation of samples 
 
4.2.4.1 Extraction of sarcoplasmic proteins 
It was carried out following the procedure 
proposed by Fuente-García et al. (2019) 
[12] with modifications. Briefly, half a 
gram of muscle sample was homogenized 
in 4 mL of extraction buffer (10 mM Tris 
pH 7.6 containing 0.25 M sucrose, 1 mM 
EDTA and 25 µL of protease inhibitors), 
centrifuged at 20,000 g for 20 min at 4 °C 
and the supernatant filtered through a 0.45 
µm PVDF filter, constituting the soluble 
protein extract. Those extracts (100 µL 
each) were cleaned up through OMIX 100 
µL C18 pipette tips (Agilent Tech. S. L., 
Madrid, Spain) and the recovered ACN 
eluates completely evaporated by a 
SPD121P Speed Vac concentrator (Thermo 
Scientific, San Jose, CA, USA) previously 
to tryptic digestion. 
4.2.4.2 In-solution trypsin digestion of 
soluble protein extracts 
Dried samples were rediluted in 15 µL of a 
sequencing grade modified trypsin 
solution at a 12.5 µg/mL concentration and 
mixed with an equal volume of 50 mM 
ammonium bicarbonate (pH 8.0). The mix 
was incubated overnight at 37 °C with 
continuous gently shaking allowing 
protein digestion. After incubation, 
samples were completely evaporated 
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using Speed Vac and finally re-suspended 
in 80 µL of a 0.1% TFA aqueous solution, 
respectively. 
Fifty µL of resuspended samples were 
spiked with 15 µL of the IS solution, 
stirred, centrifuged and poured into LC-
MS vials conforming the normal and high 
pHu replicates batch (NORMAL/HIGH-
RPL). The remaining extract volumes (30 
µL) were pooled in either normal or high 
pHu groups (6 replicates per group giving 
a final volume of 180 µL), constituting the 
calibration batch (NORMAL/HIGH-CAL) 
as follows: five different volumes of the 
pool ranging from 10 to 50 µL (in 10 µL 
steps) were individually mixed in Eppen-
dorf tubes with 10 µL of the IS solution and 
a variable volume of aqueous 0.1% TFA 
solution to reach a final volume of 60 µL. 
Tubes were stirred, centrifuged (22,000 g 
for 3 min) and poured into LC-MS vials. 
All samples were stored at -80 °C until LC-
MS analysis. 
4.2.5 LC-MS analysis  
Chromatographic analysis was performed 
in a Thermo Surveyor LC system equipped 
with a cooled autosampler, quaternary 
pump and vacuum degasser coupled to a 
Thermo LCQ Advantage ion-trap mass 
analyzer loading an ESI probe operating in 
positive ionization mode (Thermo 
Scientific, San Jose, CA, USA). Separation 
of peptides was achieved by a reverse-
phase 150 x 0.5 mm i. d., 4 µm particle size 
Jupiter Proteo column from Phenomenex 
(Phenomenex Inc., Torrance, CA, USA) 
using 0.1% FA (v/v) in ultrapure water as 
solvent A and 0.1% FA (v/v) in ACN as 
solvent B. Separation conditions were: 
initially 0% B, held for 15 min; 0-20% B in 2 
min, held for 4 min; 20-40% B in 1 min, held 
for 8 min; 40-100% B in 1 min, washing 
with 100% B for 8 min and column 
equilibration at initial conditions for 55 
min. Injection volume and flow-rate were 
25 µL and 50 µL/min, respectively. 
Temperatures were set to 10 °C and 23 °C 
for autosampler and column, respectively. 
A preliminary untargeted qualitative/ 
quantitative peptide approach of 
NORMAL/HIGH-RPL batch merging full-
MS1 and data dependent MS/MS (dd-MS2) 
experiments was performed using the 
same instrumental conditions proposed by 
[20]. Briefly, general settings of analysis 
were: capillary temperature, 250 °C; spray 
voltage, 4.0 kV; capillary voltage, 15.0 V; 
considered m/z range for MS1 analysis, 400-
2000. Specific MS/MS parameters were set 
at: charge of peptides for MS/MS analysis, 
+1 to +4; normalized CID energy, 35%; 
minimum MS/MS ion intensity threshold, 
1x105; exclusion list, 25 masses from spiked 
ISs and background noise from a blank 
injection; exclusion time, 3 min; exclusion 
mass width, 3 amu; repeat count for 
MS/MS of most intense ion, 3; repeat count 
duration, 0.5 min; number of microscans-
maximum injection time were 1-200 ms 
and 1-300 ms for MS1 and dd-MS2 
experiments, respectively. 
This first approach was followed by a 
targeted quantitative analysis of 
NORMAL/HIGH-RPL and NORMAL/ 
HIGH-CAL batches to test discrimination 
capacity of preliminary biomarker candi-
dates multiplexed full-MS1 and SRM 
experiments operating under the same 
aforementioned general conditions. Tailo-
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red settings conducting SRM research 
were the following: normalized CID 
energy, 35%; number of SRM fragments 
(transitions) monitored per peptide 
precursor, 3; number of microscans, 1; 
maximum injection time, 200 ms.  
Control of the LC-MS device and manual 
data processing was featured by a PC 
loading the Thermo Xcalibur v2.04 
software (Thermo Sci, San Jose, CA, USA). 
4.2.5.1 Processing of preliminary Full-MS1 
and dd-MS2 data 
Processing of full-MS1 and dd-MS2 data 
was carried out as suggested by [20]. 
Briefly, quantitative MS1 analysis was 
performed by MZmine 2 v.2.53 
(https://github.com/mzmine/mzmine2/rel
eases) loading the previously released 
library by authors (Table S1) regarding 
peptides derived from sarcoplasmic 
proteins. Relative MS1 quantification of 
peptides was normalized considering peak 
area ratios of signals with their closest 
eluted IS (Table S1). Interrogation of 
MS/MS data from tryptic peptides used 
Mascot v2.3 as search engine 
(www.matrixscience.com) loading the 
UniprotKB (www.uniprot.org) and 
NCBIprot protein databases. Decoy option 
was enabled to estimate false positive rates 
by means of False Discovery Rate 
threshold 1%. Those assignments with a 
protein score derived from individual ion 
scores indicating identity or extensive 
homology (P ≤ 0.05) were considered as 
true protein identifications. 
4.2.5.2 Processing of targeted SRM data 
Untargeted MS1 quantitative approach 
(discussed below) yielded the list of 
preliminary peptide biomarkers according 
to their coarse discrimination features 
(very high, moderate and none), constitu-
ting the SRM libraries (Tables S2A and 
S2B). Such databases collect the tentative 
identification of potential peptide bio-
markers (according to their protein of 
origin), their intact mass (m/z of 
precursors), m/z of three specific SRM 
fragments from their breakdown patterns 
and the windowed SRM scan event 
segments according to the retention time of 
peptides provided by the preliminary 
untargeted MS1 analysis. Selection of SRM 
fragments aimed at maximizing sensitivity 
and specificity of the analysis, performing 
a manual inspection of dd-MS2 data from 
results provided by Mascot research. 
Further technical considerations about the 
election of SRM settings are detailed in 
supplementary file 1. 
Automated analysis of SRM data was 
carried out through the freely available 
Thermo Scientific FreeStyle v.1.6 software 
(https://thermo.flexnetoperations.com/). 
Optimization of FreeStyle settings (Table 
S3) was manually approached by Xcalibur 
since both solutions share the same 
algorithm of analysis (ICIS) yielding 
comparable results. Both FreeStyle and 
Xcalibur alternatives generated one single 
SRM chromatographic peak correspon-
ding to the automatic summation of the all 
three full-scan MS/MS signals (integrated 
peak areas) belonging to the same peptide 
precursor (Tables S2A and S2B).  
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Relative SRM quantifications were norma-
lized according to peak area ratios of 
targeted peptides with selected ISs (Tables 
S2A and S2B). 
4.2.6 Statistical analysis 
PCA was applied to full-MS1 data from 
NORMAL/HIGH-RPL batch aiming at the 
creation of the preliminary list of potential 
peptide biomarkers subsequently determi-
ned by the SRM approach. Same PCA 
strategy was followed to study the animal 
sample distribution according to normali-
zed SRM results from NORMAL/HIGH-
RPL batch. Variables with communality 
values over 0.6 were included in the model 
and rotated principal components (PCs, 
extracted by Varimax analysis) explaining 
>5% of the variance were selected.  
Least square means (LSM) of each 
dependent variable (peptide) was calcula-
ted using the normalized peak areas of 
NORMAL/HIGH-RPL batch and compa-
red through parametric t-test and Mann-
Whitney non-parametric tests. Significant 
level was declared at P ≤ 0.05. The usual 
experimental type I error rate of α = 0.05 
was controlled using the Benjamini-
Hochberg adjustment. 
Descriptive statistic and conventional 
statistical test (parametric and non-
parametric) was done using SPSS 25.0.0 
software (New York, NY, USA).  
Relative change (RC) coefficient was 
estimated in NORMAL/HIGH-RPL batch 
to assess the peptide quantitative change 
in normal and high pHu groups. This 
coefficient was calculated using LSM 
values (1) of peptides as follows: 
RC = dLSM / |LSMHigh|    (1) 
in where dLSM is a measure of the 
differential normalized peak areas 
between the high and normal pHu group. 
RC coefficient ranges between -1.0 and +1.0 
and takes a zero value in an absence of any 
intensity change. 
Comprehensive analysis of proteomics 
data was performed by Perseus software v. 
1.6.5.0 (http://www.perseus-framework.org) 
featuring hierarchical clustering [24]. 
Matrix data from NORMAL/HIGH-RPL 
batch was previously 2x log transformed 
and missing values were replaced by 
random numbers that were drawn from a 
normal distribution. Hierarchical cluster-
ing of peptides (rows) and biological 
replicates (columns) from each group 
assayed (normal and high pHu) was used 
to design a heat map representation of the 
clustered matrix using Euclidean distance 
for both row and column trees. 
4.2.7 Bioinformatic analysis 
In functional analysis, nomenclature used 
for quantified peptides from targeted SRM 
analysis of the NORMAL/HIGH-RPL 
batch was referred to their proteins of 
origin. Among proteins studied, only those 
exhibiting significant differences (P ≤ 0.05) 
between normal and high pHu meat 
samples were considered for functional 
classification using Gene Ontology (GO) 
slim terms by means of AmiGO webside 
(http://amigo.geneontology.org/amigo/). 
Information about protein-protein inter-
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actions was provided by String v.10.5 
freeware (https://string-db.org) and results 
were uploaded into the open source 
platform Cytoscape [25] to elucidate 
protein networks. Bos taurus species was 
selected in all steps of the functional 
analysis performed.  
4.3 RESULTS AND DISCUSSION 
LC-MS files (mzML format) of preliminary 
full-MS1 analysis of NORMAL/HIGH-RPL 
batch and targeted SRM files (mzML 
format and native RAW extension for 
Thermo FreeStyle analysis) from replicates 
and calibration batches are freely available 
at: https://digital.csic.es/handle/10261/221963. 
4.3.1 Preliminary full-MS1 screening 
for coarse election of potential 
peptide biomarkers 
PCA analysis of normalized full-MS1 
results (total number of signals relatively 
quantified was 32) from NORMAL/HIGH-
RPL batch (n=12) featured the initial 
screening of feasible biomarkers. Table S4 
presents factor loadings, amino acid 
sequence and charge of quantified 
peptides associated to the first six rotated 
PCs that explained 95.89% of the variance. 
Among those 32 signals, final selection of 
preliminary biomarker candidates was 
featured according to high factor loadings 
achieved (above 0.6, absolute value) in 
PC1, PC2 or PC3 (explaining 30.90, 25.69 
and 13.54% of variance, respectively). As a 
result, 24 peptides (bolded in Table S4) 
populated the definitive list of potential 
peptide biomarkers that were subsequen-
tly studied in detail by SRM analysis. 
Myoglobin-1, triosephosphate isomerase-
1, malate dehydrogenase-1, triosephos-
phate isomerase-3 and protein/nucleic acid 
deglycase DJ 1-3 were excluded because 
they showed poor signal values. Despite 
their poor results, phosphoglycerate 
mutase 2 and malate dehydrogenase-2 
were exceptionally considered for further 
research since both peptides were referred 
to proteins not yet considered by other 
candidates. Total number of different 
proteins assayed according to the targeted 
SRM peptidomic approach was 14.  
4.3.2 Targeted SRM quantitative 
analysis of selected peptide 
biomarkers 
Fig. S1 illustrates advantages of targeted 
SRM analysis (SRM 1) under conditions 
assayed over untargeted MS1 detection 
both featured by conventional 3D-IT 
detection in NORMAL/HIGH-CAL sam-
ples. Very clearly, accuracy of determina-
tions provided by SRM assay led to 
overcome uncertainties from LRMS (see 
differences from A-B MS1 analyses with 
respect to their C-D SRM counterparts in 
the study of LGALS1-1 and HSPB6-2 
peptides, respectively, see Table 1 for 
nomenclature description). 
It must be highlighted that from the 24 
biomarker candidates proposed by the 
preliminary MS1 approach (Tables S2A 
and S2B), only one at m/z 992.2 (Table 
S2A) had an erratic behaviour and was 
discarded for further SRM research.  
Table 1 represents LSM from normalized 
quantitative SRM results of peptides 
determined in NORMAL/HIGH-RPL 
batch. Seventeen peptides showed signifi-
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cant statistical differences (P ≤ 0.05) 
between groups assayed, finding higher 
values in high pHu samples. Interestingly, 
peptide representing HSPB6-1 (m/z at 
850.7), previously considered to be 
exclusive of high pHu meats [12], was 
observed even in low abundance in several 
(3 of 6 replicates) normal meat samples, 
evidencing usefulness of SRM analysis 
compared to less specific LC-LRMS1 
untargeted alternatives. It was also 
noticeable that SRM peptides at m/z 734.3, 
770.5, 1275.5, 863.2, 893.0 and 1597.5 were 
exclusively found in all high pHu 
replicates studied. 
Table 1. SRM 1 and 2 results (LSM ± SEM, arbitrary units) from normal (n=6) and high (n=6) pHu 
protein samples (NORMAL/HIGH-RPL batch) of LTL bovine muscle.  
Peptide IDa m/z  [M + H]+ RT Normal High SEM P-value
b Acronymc 
Myoglobin-2 629.4 2.2 0.175 0.273 0.025 0.043 MB-2 
Galectin 1-1 968.5 2.4 0.00626 0.0168 0.00266 0.016 LGALS1-1 
Actin-1 978.6 2.5 0.0178 0.0665 0.0093 0.006 ACTA1-1 
beta enolase-1 941.7 2.7 0.0992 0.235 0.0287 0.007 ENO3-1 
Phosphoglycerate kinase 1-1 734.3 2.7 nd 0.0357 0.0047 0.001 PGK1-1 
beta-enolase-2 1296.3 3.0 0.00694 0.00815 0.00150 ns ENO3-2 
Phosphoglucomutase 1 907.5 3.2 0.0276 0.0469 0.0064 ns PGM1 
Triosephosphate isomerase-2 770.5 4.8 nd 0.0285 0.0126 0.001 TPI1-2 
Creatine kinase M-1 998.3 5.1 0.110 0.238 0.033 0.009 CKM-1 
alpha/beta-enolase-3 903.2 63.3 0.488 0.673 0.068 ns ENO1 
Triosephosphate isomerase-4 802.1 66.1 0.245 0.473 0.051 0.012 TPI1-4 
Creatine kinase M-2 754.8 66.2 0.0556 0.142 0.0257 0.016 CKM-2 
Creatine kinase M-3 893.5 66.3 0.0647 0.194 0.0270 0.005 CKM-3 
Actin-2 1123.5 66.8 0.00603 0.0211 0.00398 0.010 ACTA1-2 
Phosphoglycerate kinase 1-2 1056.4 67.6 0.351 0.470 0.033 ns PGK1-2 
Phosphoglycerate mutase 2 821.6 67.8 0.282 0.377 0.040 ns PGAM2 
Phosphoglycerate kinase 1-4 1012.2 68.4 0.0604 0.102 0.0097 0.010 PGK1-4 
Adenylate kinase isoenzyme 1 1031.5 69.0 0.0333 0.0406 0.0023 ns AK1 
Heat shock prot b6-1 850.7 71.5 nq 0.187 0.071 0.001 HSPB6-1 
Heat shock prot b6-2 1275.5 71.9 nd 0.0688 0.0240 0.001 HSPB6-2 
Galectin 1-2 863.2 72.1 nd 0.00608 0.00224 0.001 LGALS1-2 
Malate deshydrogenase-2 893.0 72.3 nd 0.00259 0.00045 0.001 MDH1 
Heat shock prot b1 1597.5 73.2 nd 0.0140 0.0041 0.001 HSPB1 
Least Square Means were calculated using absolute intensity values from each group of samples (normal and 
high pHu meats). 
LSM, Least Square Means, SEM, Standard Error of the Mean; nd, not detected (results constrained by the 
condition of finding considered SRM peptide in all six replicates belonging to the same sample group); nq, not 
quantified; ns, not significant. 
a Peptide identification.  
b Statistical differences were declared at P ≤ 0.05. 
c Entire acronym corresponds to the peptide name (the part highlighted in bold refers to the protein). 
 
Figs. S2A and S2B illustrate calibration 
curves achieved by NORMAL/HIGH-CAL 
analyses, respectively. Dilution of pooled 
samples greatly compromised the 
obtaining of reliable signals from low 
abundant peptides, thus only those curves 
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with at least four calibration steps into 
Figs. S2A and S2B were considered. 
Results evidenced how better results in 
terms of number of signals (23 for HIGH-
CAL vs 16 for NORMAL-CAL) and 
linearity were achieved by high pHu 
samples. Moreover, CAL batch analysis 
also confirmed that m/z at 734.3, 770.5, 
1275.5, 863.2, 893.0 and 1597.5 exclusively 
belonged to HIGH-CAL sample group as 
previously shown by HIGH-RPL. In any 
case, NORMAL/HIGH-CAL assay demon-
strated robustness of SRM determinations 
and confirmed reliability of results from 
the replicates batch study. 
Fig. 1 illustrates differences in quantitative 
peptide change from normal to high pHu 
RPL groups. All SRM peptides assayed 
were highly related to high pHu groups 
since RC coefficients took positive values. 
Considering RC coefficient, the aforemen-
tioned peptides at m/z 734.3, 770.5, 1275.5, 
863.2, 893.0 and 1597.5 plus peptide at m/z 
850.7 underwent the strongest quantitative 
change (RC = +1.0) and certified their 
exclusiveness to high pHu sample groups. 
Only those peptides not showing signifi-
cant statistical differences in the analysis of 
the replicates batch (m/z 1296.3, 907.5, 
903.2, 1056.4, 821.6 and 1031.5, Table 1) 
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A PCA was performed to explain peptide 
and samples distribution from SRM assay. 
Table 2 collects the first four rotated PCs 
(that explained 90.80% of variance) and 
associated variables. From 23 peptides 
populated in Tables S2A and S2B (signal 
at m/z 992.2 was discarded as previously 
mentioned), 13 showed high factor 
loadings (≥ 0.7) with PC1 (53.11% explai-
ned variance). ENO3-2 and PGK1-2 were 
highly correlated (factor loading ≥ 0.7) 
with PC2 (20.62% of explained variance) 
and PC3 (11.03% of explained variance), 
respectively. Remaining peptides were 
distributed among PC1-PC2, PC1-PC3, 
PC1-PC4, PC2-PC3 and PC1-PC2-PC3 and 
exhibited medium factor loadings (≈0.4 - 
0.7). 
Table 2. Rotated factor loadings of SRM quantified peptides extracted from the PCA applied to 
normal (n=6) and high (n=6) pHu replicate batch (NORMAL/HIGH-RPL).  
Peptides assayed am/z 









Myoglobin-2 629.4 0.673   0.579 
Galectin 1-1 968.5 0.843    
Actin-1 978.6 0.806   -0.456 
beta enolase-1 941.7 0.784 -0.483   
Phosphoglycerate kinase 1-1 734.3 0.698   -0.431 
beta-enolase-2 1296.3  0.788 -0.406  
Phosphoglucomutase 1 907.5 0.745    
Triosephosphate isomerase-2 770.5 0.608 -0.625 -0.460  
Creatine kinase M-1 998.3 0.649 -0.647   
alpha/beta-enolase-3 903.2 0.608 -0.614   
Triosephosphate isomerase-4 802.1 0.755 -0.507   
Creatine kinase M-2 754.8 0.596 -0.695   
Creatine kinase M- 3 893.5 0.900    
Actin-2 1123.5 0.790 0.578   
Phosphoglycerate kinase 1-2 1056.4 0.550  0.736  
Phosphoglycerate mutase 2 821.6 0.448 -0.570 0.400  
Phosphoglycerate kinase 1-4 1012.2 0.805    
Adenylate kinase isoenzyme-1 1031.5 0.666  0.498  
Heat shock prot b6-1 850.7 0.815    
Heat shock prot b6-2 1275.5 0.823    
Galectin 1-2 863.2 0.871 0.458   
Malate dehydrogenase-2 893.0 0.885    
Heat shock prot b1 1597.5 0.818   -0.441 
Only variables with communality values ≥ 0.600 (absolute value) in any of the four principal components 
were included and factor loadings ≤ 0.400 (absolute value) were eliminated from table. 
am/z expressed as [M+H]+. 
Fig. 2 shows PCA representation depicting 
the meat samples distribution yielded 
according to the intensities of these 23 
peptides in the two-dimensional coordi-
nate system defined by PC1 and PC2. 
Normal and high pHu replicates were 
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clearly separated by PC1 in which high 
pHu samples had positive factor scores in 
contrast to negative factor scores shown by 
their normal counterparts.  
Conversion of individual regulation levels 
of peptides into heat maps with 
hierarchical clustering (Fig. 3) eased 
further comparison of LTL muscle 
proteome between normal and high pHu 
biological replicates. Overall, peptides 
were up-regulated in high pHu samples 
with the exception of those derived from 
ENO3-2, AK1, PGM1, ENO1 and PGK1-2, 
which showed minimal regulation 
changes between meat groups studied 
(similarly than previously shown by 
statistical analysis summarized by Table 
1). Elucidation of peptide biomarkers must 
be performed among those showing 
higher regulation differences from Fig. 3. 
Thus, peptides derived from HSPB1, 
ACTA1-1, HSPB6-1, HSPB6-2, TPI1-2, 
PGK1-1, CKM-3, CKM-1 and ENO3-1 
confirmed their usefulness as meat 
discriminants (as suggested by statistical 
results from Table 1). Furthermore, SRM 
analysis of unenriched extracts evidenced 
exclusiveness of MDH1 (m/z 893.0) and 
LGALS1-2 (m/z 863.2) to high pHu meat 
group. However, since both peptides had 
a very similar down-regulated shade (Fig. 
3) it can be assumed their little 
























Fig. 2. Normal (○) and high pHu (●) meat 
samples distribution on the two dimensional 
coordinate system defined by the principal 
component (PC) 1 and 2. 
Fig. 3. Heatmap showing the peptide intensity from 
each biological replicate. Nomenclature of peptides 
shown in Table 1.  
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4.3.3 Biological and functional 
analysis 
After the quantitative SRM research, next 
step was the biological explanation of the 
proteome changes between normal and 
high pHu meat groups. This goal was 
achieved through the study of SRM results 
from NORMAL/HIGH-RPL batch that 
yielded 17 peptide biomarkers showing 
significant differences among groups 
assayed (Table 1). These peptide biomar-
kers corresponded to TPI1, MDH1, ENO3, 
CKM, MB, ACTA1, HSPB6, HSPB1, PGK1 
and LGALS1 proteins. 
Analysis of GO slim terms showed that 
most of these proteins participate in 
different biological process such carbo-
hydrate metabolism (TPI1, MDH1, ENO3 
and PGK1), abiotic stimulus response 
(CKM, MB and PGK1) and biological 
regulation (ACTA1, HSPB1, PGK1, MB 
and LGALS1) having different molecular 
functions such as binding (all proteins 
except MDH1) and catalytic activity (TPI1, 
MDH1, PGK1, ENO3 and LGALS1). They 
can be found in different locations such as 
cytoplasmic (TPI1, MDH1, ENO3, HSPB1 
and ACTA1) and extracellular (HSPB6, 
PGK1, CKM and LGALS1) regions.  
An interaction network of proteins with 
different (P ≤ 0.05) intensity levels could 
help to understand the impact of PSS on 
muscle proteome of bovine cattle. Studied 
proteins were clustered into a single 
interaction network according to GO terms 
with the exception of the non-interactive 
LGALS1 (Fig. 4). TPI1 had the highest 
number of interacting neighbours with 
strong associations between PGK1, ENO3 
and MDH1 (0.999, 0.958 and 0.824 of score, 
respectively). They were displayed in the 
centre of the network playing an essential 
role in the interaction complex since they 
linked metabolism proteins and other 
interacting proteins. TPI1 was the only one 
that connected glycolytic enzymes with 
proteins involved in stress processes, 
showing an intermediate interaction with 
HSPB1 (score, 0.407) due to their 
participation in both cellular processes. 
Moreover, PGK1 and ENO3 were highly 
and intermediately associated with 
ACTA1 (score, 0.803) and CKM (score, 
0.643), respectively. ACTA1, which was 
the only identified protein implicated in 
muscle structural-contractile regulation, 
and CKM, which catalyses the transfer of 
phosphate between ATP and various 
phosphogens, were both intermediately 
(score, 0.499) and strongly (score, 0.801) 
linked to MB, respectively. This latter is 
involved in oxygen transport chain, 
closing the interaction network.
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Fig. 4. Protein-protein interaction network of proteins showing significant statistical differences (P ≤ 0.05) 
between normal and high pHu groups. Nomenclature of proteins shown in Table 1. Network nodes 
represent proteins, the fill colour and the shape represents the biological process (blue, carbohydrate 
metabolic process; grey, response to abiotic stimulus; yellow, biological regulation and white, non-
defined) and the cellular component (circle, cytoplasmic part; round rectangle, extracellular region and 
hexagon, non-defined) in GO slim terms from AmiGO, respectively. Edges represent protein-protein 
functional associations and line type denotes the association strength according to threshold confidence: 
(—) highest, ≥ 0.9; (‒ ‒) high, 0.7 - 0.9; (‖‖) medium, 0.4 - 0.7.  
Central proteins TPI1, PGK1, ENO3 and 
MDH1 are suggested to play a key role in 
PSS response since they participate in the 
carbohydrate metabolism, generation of 
precursor metabolites and energy 
pathways. It is widely described that PSS 
is associated with a depletion of muscle 
glycogen stores prior to slaughter, causing 
a reduction in substrate availability for the 
anaerobic glycolysis post-mortem [6]. 
Although association between pre-
slaughter stress and muscle glycogen 
depletion has been extensively studied in 
ruminants, the same cannot be said for the 
association between PSS and post-mortem 
glycolytic rate [26]. TPI1, an enzyme that 
reversibly catalyzes the interconversion of 
dihydroxyacetone phosphate and 
glyceraldehyde 3-phosphate, was also up-
regulated in DFD samples as reported by 
Franco et al. (2015) [11]. They suggested 
that augmented levels of that enzyme 
might lead to higher WHC and tenderness 
values in DFD meat, reinforcing again 
these main features of dark-cutting meats. 
Contrary to this, other authors indicated 
lower band intensity of TPI1 in animals 
subjected to social stress [17]. According to 
PGK1, which reversibly catalyses the 
transfer of a phosphate group from 1,3-
biphosphoglycerate to ADP producing 3-
phosphoglycerate and ATP, only Diaz et 
al. [17] related this protein to PSS response, 
finding higher levels on non-stressed 
animals. However, the co-migration of 
PGK1 with CKM in SDS-PAGE makes 
difficult to understand their results. In 
contrast, they also revealed a higher 
presence of ENO3 in the muscle of animals 
intensively managed and considered more 
susceptible to stress [17]. Similarly, other 
authors stated that phosphorylated 
 LGALS1 
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isoform of ENO3 was only identified in 
DFD meat samples [13]. Once again, this 
enzyme play essential role in both 
glycolysis and gluconeogenesis pathways, 
being the responsible for catalysing the 
reversible conversion of 2-phospho-
glycerate to phosphoenolpyruvate.  
The last enzyme displayed in the centre of 
the network was MDH1 (Fig. 4), having 
higher concentration in high pHu meats. In 
this sense, MDH1, which is involved in 
glucose production when glycogen is not 
available [27], was only found in the high 
pHu samples as reported other authors 
[28]. Contrarily, Poleti et al. (2018) found 
greater abundance of MDH1 in normal 
pHu meats [9]. Apart from its catalytic role 
in carbohydrate metabolism, MDH1 is also 
involved in tricarboxylic acid cycle (TCA) 
though the reversible catalysis of malate to 
oxaloacetate to generate ATP and NADH. 
TCA cycle is the final common pathway 
for the oxidation of the fuel molecules, 
accompanied by the production of energy 
and reduction equivalents (NADH and 
FADH2). Since high pHu meats show less 
glycogen stores prior to slaughter, the 
muscle cells need to use other alternative 
post-mortem energy sources for restoring 
ATP levels such as TCA cycle. This would 
explain overabundance of this enzyme in 
high pHu samples. Meanwhile, in dark 
cutting beef, more NADH leads to higher 
oxygen consumption [18] and metmyo-
globin (metMb) reducing activity [29], 
which are inherent biochemical properties 
that influence meat colour. Current know-
ledge is that NADH and other substrates 
such as malate can also reduce MetMb to 
form deoxymyoglobin (DeoxyMb), giving 
rise to a darker colour and limiting brown 
or metMb formation. In this line, several 
studies have reported that a higher muscle 
pHu can decrease oxidative changes and 
increase the activity of several enzymes 
involved in MetMb reducing activity and 
oxygen consumption [29,30]. Overall, 
these four proteins are enzymes that 
belong to carbohydrate metabolism, which 
suggests that energy demands caused by 
PSS response may provoke increase of 
glycolysis or other alternative energy 
sources, enhancing the activity of these 
specific enzymes that are directly related 
to ATP production. On the other hand, 
literature also indicated that carcass 
producing abnormal dark-cutting meat 
(pHu ≤ 5.8) may have reduced rates of 
glycolysis at early post-mortem times, 
giving rise to low concentration of energy-
related proteins [14].  
The interaction between glycolytic enzy-
mes, such as ENO3, with other processes 
regenerating ATP highlights the presence 
in the sarcomere of protein complexes 
involved in energy production (e.g. CKM) 
[31]. As previously stated, stressed animals 
have limited glucose reserves such as 
glycogen, therefore the most immediate 
way for restoring ATP levels in muscle 
involves other alternative sources such as 
phosphocreatine phosphate. CKM plays a 
central role in tissue energy transduction 
with fluctuating energy demands through 
the reversibly interconversion of phospho-
creatine and ADP to creatine and ATP. In 
our study, this enzyme showed higher 
levels in the high pHu group, which agrees 
with results reported by other authors 
[13,17]. Under extreme living conditions, 
oxygen-storage of CKM as well as MB may 
play an essential role maintaining the 
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energy state of some muscles such as heart 
[32]. In post-mortem muscle, there is 
competition for the available oxygen 
between mitochondria and MB. If 
mitochondria are active there will be 
limited oxygenation of myoglobin, result-
ing in darker meat due to predominant 
DeoxyMb [5,18]. Furthermore, MB is not 
denatured at high pH, which facilitates an 
aerobic metabolism at meat surface 
remaining iron in the ferrous state and 
thus affecting meat colour [33]. These facts 
could be attributed to the higher MB 
concentration found in the high pHu 
group, giving rise to dark-cutting meats. 
The rest of proteins depicted in the 
network of Fig. 4 take part in biological 
regulation processes. On one hand, 
ACTA1 was strongly bounded to PGK1 
since both participate in cell differentia-
tion. As previously stated, ACTA1 was the 
only protein involved in muscle/tissue 
structure development, as well as 
LGALS1. It is noteworthy to mention that 
ACTA1 has a poor aqueous solubility to be 
extracted within sarcoplasmic proteins 
[34-36]. However, some authors reported 
that high pHu values of DFD meats 
enhanced its solubility, turning more 
noticeable its presence in the soluble 
extracts of stressed animals [12]. This is in 
accordance to results obtained by 
Mahmood et al. (2018) since they found 
actin up-regulation in DFD samples [14]. 
In this line, HSPB1 and HSPB6, were only 
found in high pHu meat samples in 
accordance to previous studies [12]. These 
proteins are involved in stress response, 
actin stability and apoptotic signalling 
pathways. Under stressful conditions, they 
play a major role as essential molecular 
chaperones interacting with damaged 
proteins to preserve their function [37,38]. 
PSS animals may have a great abundance 
of HSPs to avoid activation of apoptosis 
signalling pathways, hindering the activity 
of caspases. Taking into account its 
protective role, the overabundance of 
HSPs could also explain the up-regulation 
of ACTA1 in high pHu samples, then 
contributing to meat tenderness. However, 
there is a controversy regarding HSPs and 
tenderness due to the fact that high levels 
of these proteins were also related to either 
increased [39,40] or decreased [41] tender-
ness. In this regard, Mato et al. [13] found 
that HSPB1 and HSPB6 were differentially 
phosphorylated in DFD and normal meats, 
suggesting that their roles may depend on 
their phosphorylation status. Finally 
LGALS1, which remains out of the net-
work with no interaction with the others 
has been described to participate in a wide 
range of biological processes including 
development, regulation of inflammation, 
cell proliferation and apoptosis [42]. 
Nevertheless, relevance of this protein in 
apoptosis is highly controversial and 
contradictory findings are reported in the 
literature as revealed by Ouali et al. [43]. 
Therefore, the role of LGALS1 in post-
mortem muscle and PSS response still 
remains unclear and deserves further 
investigations.  
4.4 CONCLUSION 
The gel-free proteomic strategy presented 
in this work demonstrated its usefulness to 
study differences in muscle proteome of 
bovine cattle. Appropriate optimization of 
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a conventional 3D-IT eased targeted and 
untargeted qualitative/quantitative analy-
sis of samples through MS1, ddMS2 and 
SRM approaches. Chemometric analysis of 
quantitative LC-MS data yielded accurate 
results to differentiate normal from high 
pHu sample groups through 17 peptide 
biomarkers belonging to 10 different 
proteins (TPI1, MDH1, ENO3, CKM, MB, 
ACTA1, HSPB6, HSPB1, PGK1 and 
LGALS1). Most relevant proteins of this 
group participate in carbohydrate metabo-
lism (TPI), energy production (CKM) and 
stress response (HSPs) biological proces-
ses. 
Higher efficiency in terms of limited 
sample preparation, affordability and 
quality of results exhibited by the 
straightforward analysis of soluble protein 
extracts can facilitate the implementation 
of this methodology in routine meat 
quality research.  
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Usefulness of general-purpose fluorogenic assay kits to determine caspase 3/7 activity of 
biological extracts is highly compromised in meat-based samples due to their scarce enzyme 
concentration. In the present work, a straightforward protocol is presented with two main 
purposes: 1) to enhance sensitivity of the fluorogenic approach addressing caspase 3/7 
activity in tissues showing scarce enzyme concentration such as skeletal muscle, and 2) to 
reduce/economize the volume of employed reagents. The enzyme extraction procedure, 
peptide substrate, dithiothreitol concentration and detection settings were appropriately 
optimized for use in microtiter-plate fluorometers. As a result, low to high enzyme activity 
extracts (from 10,000 to 260,000 relative fluorescence units) can be measured under 
developed sampling and experimental conditions. The fact that enzyme reactions took place 
in 96-microtiter well plates reduces the consumption of chemical compounds when 
analysing a high number of samples, thus contributing to environment sustainability. 
Keywords 
Caspase 3/7 Activity ● Ac-DEVD-AMC Peptide Substrate ● Apoptosis ● Method 
Development ● Meat Extracts ● Rapid Assays
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5.1 INTRODUCTION 
Caspases are cysteine-dependent peptide-
ses involved in apoptosis (caspases 3, 6, 7, 
8, 9, 10 and 12) and inflammation processes 
(caspases 1, 4, 5, 11 and 13) by selectively 
cleaving C-terminal aspartic acid residues 
of peptides/proteins. Apoptotic caspases 
can be further classified according to their 
point of entry into the cell death pathway 
as initiator (caspases 8, 9, 10 and 12) and 
executioner (caspases 3, 6 and 7) caspases 
(McIlwain et al., 2013). Assessment of 
apoptotic caspases is important in the 
study of several cellular process. They are 
mainly synthesized as inactive zymogens 
(pro-caspases) and their activation is 
driven by a wide range of internal and/or 
external stimuli such as stress. Stress 
activates pro-apoptotic members of the 
Bcl-2 protein family, favoring cytochrome 
c-dependent formation of the caspase 9 
apoptosome complex (Grilo and 
Mantalaris, 2019), triggering executioner 
caspases (3 and 7) and giving rise to the 
onset of cell death processes (Taylor et al., 
2008). Assessment of caspase activity in 
skeletal muscle has been traditionally 
carried out during the early post-mortem 
period as related to the study of metabolic 
responses associated with intrinsic hypo-
xia/ischemia. This confers a potential 
contribution of caspase action to post-
mortem proteolysis occurring during meat 
tenderization (Kemp et al., 2006; Ouali et 
al., 2006).  
Assay kits for the fluorogenic detection of 
peptide substrates with cleavable 
fluorophores based on the 7-amido-4-
methylcoumarin (AMC) or 7-amino-4-
trifluoromethylcoumarin probe mainly 
allow measurement of caspase activity of 
cell-based samples (Gurtu et al., 1997). This 
strategy was commonly used in meat 
research for the simultaneous elucidation 
of caspase 3/7 activity (Cao et al., 2013; 
Zhang, J. et al., 2017). However, low 
sensitivity of traded kits have their 
biological application restricted to the 
characterization of purified enzymes, 
primary cell cultures or fresh tissue 
samples with high caspase activity, 
showing some limitations in those cases 
with scarce enzymatic presence such as in 
skeletal muscle (Wang et al., 2005). Such 
sensitivity drawbacks mainly arise from 
inappropriate optimization of the fluoro-
genic instrumental conditions of analysis 
and sample preparation. Caspase subs-
trates based on rhodamine dye were 
proposed to overcome aforementioned 
limitations (Wang et al., 2005), but elevated 
costs of rhodamine-based assays can 
compromise their use in the analysis of 
high number of samples. Then, the 
development of affordable, sensitivity-
enhanced and low reagent consumption 
methods is needed to elucidate activity of 
caspases 3/7 in meat extracts.  
The objective of the present study was the 
development of an economic, sustainable 
and highly sensitive fluorogenic assay 
tailored for the accurate measurement of 
caspase 3/7 activity in extracts obtained 
from tissues with low enzyme concentra-
tion. The methodology proposed address 
substrate concentration optimization, sam-
ple preparation and fluorogenic detection 
conditions. Validation was performed by 
comparison with a commercial kit also 
based on the hydrolysis of Ac-DEVD-AMC 
Appendix 5. Publication V 
170 
substrate. This study assayed several 
refinements of the fluorescence assay 
originally proposed by Stennicke and 
Salvesen (1999) for determining caspase 3 
activity through the monitoring of the 
enzymatic release of AMC group from Ac-
DEVD-AMC peptide substrate (Stennicke 
and Salvesen, 1999). Fluorogenic detection 
confers a 100-fold higher sensitivity than 
spectrophotometric approaches, addres-
sing assessment of caspase activity and 
offering a wide range of customizable 
improvements (Stennicke and Salvesen, 
1999).  





AMC) was supplied by ATT Bioquest 
(Sunnyvale, CA, USA). Sucrose, 2-[4-(2-
hydroxyethyl)piperazin-1-yl]ethanesulfo-
nic acid (HEPES), sodium salt, phenyl-
methylsulfonyl fluoride (PMSF), protease 
inhibitor cocktail (P8340), MgCl2, 3-[(3-
cholamidopropyl)dimethylammonio]-1-
propanesulfonate hydrate (CHAPS) and 
polyoxyethylene lauryl ether 30% (Brij 
35®, CAS 9002-92-0) were supplied by 
Sigma-Aldrich (Merck KGaA, Darmstadt, 
Germany). Tris-(hydroxymethyl)-amino-
methane, ethylenediaminetetraacetic acid 
(EDTA), KCl, dimetyl sulfoxide (DMSO) 
dithiothreitol (DTT) and NaCl were 
supplied by Scharlab (Scharlab S.L., 
Sentmenat, Barcelona, Spain).   
5.2.2 Meat samples 
Meat samples were collected from 
Longissimus thoracis et lumborum muscle of 
crossbred yearling bulls from a local 
slaughterhouse. At 24h post-mortem, 
approximately 10 g of muscle sample were 
removed from the thirteenth rib of the left 
half carcass, immediately frozen in liquid 
nitrogen and stored at -80 °C until analysis. 
5.2.3 Optimization of the protein 
extraction buffer 
For sarcoplasmic protein extraction, 0.5 g 
of each stored sample were homogenized 
with different extraction buffers using an 
IKA Yellow Line Di 25 homogenizer (IKA-
Werke GmbH, Staufen, Germany). Four 
different extraction buffers were assayed 
(Table S1) to optimize protein extraction. 
Buffer A was selected since it is a common 
buffer normally employed for the sarco-
plasmmic protein extraction from muscle 
tissue (Jia et al., 2006; Melody et al., 2004). 
The other three are commonly used to 
perform caspase extraction from intra-
cellular membrane (Cao et al., 2013; Huang 
et al., 2014). General assay conditions used 
for the optimization of protein extraction 
buffer were the same as for the final 
optimized assay. Buffer D was finally 
chosen to perform the rest of refinements. 
Homogenates were centrifuged at 20,000 g 
for 20 min at 4 °C using a Beckman Coulter 
centrifuge (Brea, CA, USA). Supernatants 
were filtered through 0.45 µm poly-
vinylidene difluoride syringe filter (Merck 
KGaA, Darmstadt, Germany) and stored at 
-80 °C until analysed.  
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5.2.4 Optimization of the 
experimental conditions for 
fluorogenic determination of caspase 
3/7 activity 
In this work, the following experimental 
solutions were used: 
- Reaction buffer: Final composition of 
selected reaction buffer was 0.29 M 
sucrose, 0.1 M NaCl, 50 mM HEPES, 0.1% 
CHAPS and 1 mM EDTA. Solution was 
adjusted to pH 7.5 with 50% HCl.  
- Substrate and DTT stock solutions: A 
substrate stock solution was prepared 
dissolving 5 mg of commercial Ac-DEVD-
AMC substrate in 1.48 mL of DMSO with a 
final concentration of 5 mM and kept at        
-20 °C until use. Similarly, a DTT stock 
solution was prepared dissolving 154 mg 
of DTT in 20 mL of the reaction buffer and 
then stored in aliquots at -80 °C until 
analysed.  
Fluorogenic determination of caspase 3/7 
activity 
As stated in the introduction, the present 
study undertook several refinements from 
the original fluorescence assay of 
Stennicke and Salvesen (1999) with the aim 
to enhance sensibility, flexibility, linearity 
and affordability of the caspase assay. As 
abovementioned, different extraction 
buffers (Table S1), together with DTT and 
enzyme-substrate conditions (Table S2) 
and values of main instrumental settings 
(excitation/emission wavelengths and gain 
multiplier, Table S3) were tested for 
method optimization. 
For the different assayed conditions, the 
caspase enzyme reaction took place in a 96-
microtiter-well plate following this 
procedure: sarcoplasmic extracts were pre-
incubated for 30 min at 37 °C in the 
presence of DTT as reducing agent. 
Enzyme reaction started with the addition 
of the substrate solution (zero time) and 
fluorescence intensity was monitored 
every 2 min over 30 min at 37 °C using a 
CLARIOstar microplate fluorometer 
(BMG LABTECH GmbH, Ortenberg, 
Germany). Analyses were performed in 
triplicate and results were expressed as 
mean values of Relative Fluorescence 
Units (RFU) from the three analytical 
replicates in the fluorescence range from 0 
to 260,000 RFU. Additionally, three 
biological replicates were used and 
standard deviations and coefficients of 
variation (CV) calculated in order to 
validate the assay.  
5.2.5 Comparison between the 
optimized method with a commercial 
fluorogenic assay of caspase 3/7 
activity 
Final optimized protocol described in this 
work was compared with a commercial kit 
previously used by Huang et al. (2014) to 
measure caspase 3/7 activity in meats 
extracts based on the same substrate (Ac-
DEVD-AMC). Experimental conditions of 
the commercial kit were the same as those 
indicated by the manufacturer. Compa-
rison was done in terms of sensibility, 
linearity and accuracy. 
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5.3 RESULTS AND DISCUSSION  
 
5.3.1 Effect of the extraction buffer on 
enzyme activity determination 
Although it is uncommonly studied, 
optimization of the protein extraction 
procedure is critical to determine caspase 
3/7 activity in tissues with low activity 
levels such as skeletal muscle. In this 
regard, a preliminary enzyme activity 
approach of samples obtained by different 
extraction buffers (Table S1) was carried 
out.  
No enzyme activity was found in those 
samples extracted with Buffer A (Figure 1). 
The main reason for this null response can 
be attributed to the presence of the 
protease inhibitor cocktail normally 
present in these buffers with the aim to 
inhibit any protease action. On the 
contrary, the presence of 1 mM of PMSF in 
Buffers B, C and D did not seem to affect 
caspase activity because it inhibits serine 
peptidases but not cysteine peptidases 
such as caspases (Ishisaka et al., 1998). The 
lack of Brij 35® in buffer A may have also 
contributed to this absence of signal, since 
the use of non-ionic surfactants in lysis 
buffers to solubilize membrane proteins 
has been reported to optimize protein 
extraction (Chakrabarty et al., 2004; Lin 
and Guidotti, 2009). As reported in 
previous studies, a lower volume of 
extraction Buffer B, C and D was used to 
carry out caspase extraction (Cao et al., 
2013; Chen et al., 2011; Zhang et al., 2017). 
Higher extraction volumes (Buffer A) are 
widely used to dilute samples in order to 
avoid the occurrence of fluorescence 
interferences due to meat compounds. 
However, we did not observe any inter-
ference in fluorescence when assaying 
buffers B-D, and thus we set 2 mL as the 
final volume to perform the extraction. The 
main difference among these three buffers 
is the presence or absence of MgCl2 and/or 
KCl. In the literature, some authors repor-
ted either the use or not use of these 
compounds for caspase extraction (Chen et 
al., 2011; Chen et al., 2015; Huang et al., 
2014). In our case, maximum caspase 
activity was reached with buffer D (Figure 
1). Therefore, this buffer, which contains 
less chemical compounds, was selected to 
get the final optimized assay conditions.  
 
Figure 1. Effect of extraction buffer (Table S1) on caspase 3/7 activity: (x) Buffer A; (○) Buffer B (▲) 
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5.3.2 Effect of substrate concentration 
on enzyme activity determination 
As stated in M & M section, protein 
extraction was finally performed using 
buffer D as selected in the pre-trial. Figure 
2 shows caspase 3/7 activity of meat 
samples varying in final substrate 
concentrations (mM) and sample:substrate 
ratios (R-) (Table S2). The highest caspase 
3/7 activity was achieved at 0.083 mM and 
R-1:1 after 46 min of reaction at 37 °C. 
However, such experimental conditions 
were discarded to avoid saturation of the 
fluorescence response in samples showing 
higher enzymatic activity, thus limiting the 
dynamic range of the proposed methodo-
logy. Since R- had a great influence on 
sensitivity (see R-1:1 vs. R-3:5) and 
considering the costs when processing 
high number of samples, an intermediate 
substrate concentration of 0.042 mM, R-1:1 
and 30 min of reaction time was included 
into the definitive optimized methodology 
conditions. Previous studies reported that 
0.01 mM of substrate would be enough to 
determine activity of purified caspases 3, 6, 
7, and 8 expressed in E. coli (Stennicke and 
Salvesen, 1999), but as previously men-
tioned, determination of low activity levels 
in meat extracts required higher substrate 
concentrations to perform reliable deter-
minations.  
 
Figure 2. Effect of substrate concentration (mM) and extract:substrate ratio (R-) on caspase 3/7 activity: 
(∆) 0.021 mM (R-1:1); (▲) 0.083 mM (R-1:1); (◊) 0.025 mM (R-3:5); (●) 0.05 mM (R-3:5); (♦) 0.1 mM (R-3:5) 
and (○) final optimized conditions (0.042 mM and R-1:1). 
5.3.3 Effect of DTT concentration and 
sample dilution on enzyme activity 
determination 
Figure 3 illustrates the effect of both DTT 
concentration in the reaction mixture and 
sample dilution (1:2; 1:4 and undiluted 
sarcoplasmic extracts) on caspase 3/7 
activity. This was analysed exclusively 
using the optimized substrate concen-
tration selected in the previous trial (full 
set of conditions is recorded in Table S2). 
The DTT requirement for either protein 
extraction or caspase activity assay is 
extensively reported in the literature 
(Chen et al., 2015; Kemp et al., 2009). In our 
work, DTT was only used in the reaction 
mixture to avoid the use of unnecessary 
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action of DTT during protein extraction 
would be lost in extracts stocked for long 
time. As it can be observed, hydrolysis of 
Ac-DEVD-AMC was not altered by DTT 
concentration used in any of the assayed 
conditions, suggesting that SH groups of 
caspases were in their reduced forms. In 
any case, a final concentration of 4 mM 
DTT in the reaction mixture was selected 
for enzyme pre-activation and preserva-
tion against potential catalytic cysteine 
oxidation (Stennicke and Salvesen, 1997) 
during assay preparation in agreement to 
previous studies (Huang et al., 2014; 
Zhang et al., 2013). 
Different sarcoplasmic extract dilutions 
were assayed in this work to study 
possible interferences of other non-
enzymatic components with the assay. The 
obtained results evidenced that there were 
no interferences neither in the undiluted 
extracts nor in 1:2 and 1:4 diluted extracts. 
However, due to the notably low caspase 
activity in meat extracts, undiluted extracts 
should be preferably used to measure 
caspase activity. This is in accordance to 
the general working conditions reported in 
previous works (Cao et al., 2013; Chen et 
al., 2011). 
 
Figure 3. Effect of DTT concentration and sample dilution (undiluted, 1:2 and 1:4) on caspase 3/7 activity: 
(◊) 16 mM; (□) 8 mM; (∆) 4 mM; (▬) 1 mM; (○) 0 mM  and (▲) final optimized conditions (undiluted 
sample with 4 mM DTT). Samples were assayed at R-1:1 extract/substrate ratio. 
5.3.4 Influence of instrumental 
settings in the fluorogenic enzyme 
activity determination 
Sensitivity limitations of the fluorogenic 
caspase assay can be improved by 
appropriate optimized conditions of the 
detection settings that are detailed in 
Table S3. Enzyme activity was only 
detected (Figure 4) at excitation and 
emission wavelengths of 380-15 and 460-20 
nm, respectively, in accordance to pre-
vious results in meat extracts using the 
same fluorogenic peptide substrate (Cao et 
al., 2013; Huang et al., 2014). Furthermore, 
Figure 4 also indicates how maximal 
fluorogenic response was achieved at the 
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Figure 4. Effect of instrumental conditions on caspase 3/7 activity: (▬) 330-20 and 385-30 nm; Gain: 600; 
(○) 339-15 and 439-30 nm; Gain: 750; (▲) 350-15 and 440-20 nm; Gain: 800; (◊) 380-15 and 460-20 nm; 
Gain: 1200 and (■) final optimized conditions (380-15 and 460-20 nm; Gain: 1500).  
5.3.5 Precision of the assay and 
comparison of the developed method 
with a commercial kit 
As shown in Table 1, the reproducibility 
was good either within or between-run, 
obtaining CV below 5% and 14%, 
respectively. Higher CV were found 
between-run due to the fact that the 
caspase 3/7 activity undergoes some 
fluctuations over long storage times 
(almost 600 days) being its activity 14% 
less than the initial one; however, those 
variations are negligible at short storage 
times.  
Table 1. Precision data and reproducibility of the assay for caspase 3/7 
activity using Ac-DEVD-AMC as substrate. 
  Fluorescence  Intensity (RFU) 
SD  
(RFU) CV (%) 
Within-run (n=3)    
A 22252 357 2 
B 33201 947 3 
C 31529 594 2 
Between-run (n=3)    
A 22096 2950 13 
B 34960 2818 8 
C 30796 2722 9 
Three different samples were used for caspase 3/7 activity (A, B and C). 
Validation of the developed protocol for 
determining caspase 3/7 activity in meat 
extracts was carried out by comparing the 
fluorescence response with that of a 
commercial assay based on the hydrolysis 
of the same fluorogenic substrate (Ac-
DEVD-AMC). Figure 5 illustrates the 
results obtained comparing our developed 
procedure with a commercial kit employ-
ed by Huang et al. (2014). Linear regression 
analysis of data showed higher correlation 
values (R2 > 0.99) for two different muscle 
caspase enzyme levels under our opti-
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with that obtained by the commercial kit 
(0.9547 < R2 < 0.9831). The linearity of the 
commercial kit was compromised, being 
this reflected in lower correlation values, 
especially in the sample with lower 
caspase activity (Figure 5B). Fluorescence 
values were quite similar between the two 
methods in the sample yielding higher 
caspase 3/7 activity (Figure 5A). Those 
differences were more evident when 
caspase 3/7 activity was lower (Figure 5B). 
In this line, it can be observed that our 
optimised assay offers an overall better 
response as compared to the commercial 
protocol.  
 
Figure 5. Comparison between the optimized method of the present work (▲) and a commercial caspase 
3/7 assay kit (○) in terms of linearity, sensitivity and reliability in the measurement of two meat samples 
representative of higher (a) and lower (b) caspase activity levels. 
These results confirmed the high sensiti-
vity and linearity of our proposed method, 
being able to discriminate samples yield-
ing low caspase 3/7 activity over long 
incubation times. Moreover, it is worth 
noting that our proposed methodology 
noticeably reduced chemical expenditure 
and therefore, the environmental impact of 
its implementation. 
5.4 CONCLUSIONS  
Linearity of the fluorogenic assay to 
measure low caspase 3/7 activities in 
meat/muscle extracts was greatly impro-
ved by the optimized and easy-to-use 
protocol described in this work as 
compared with a commercial kit. Reaction 
and instrumental conditions proposed 
here make possible the study of a wide 
range of tissue samples independently of 
their intrinsic caspase 3/7 activity and 
biological origin. The use of a 96-
microtiter-well format loading a custo-
mized substrate concentration enable the 
affordable analysis of a high number of 
meat extracts. This flexible, reliable, 
economic, sustainable and straightforward 
protocol can be an interesting alternative 
to current caspase assay kits, especially in 
the study of those tissues such as skeletal 
muscle yielding low caspase activity 
levels.  
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BACKGROUND: Animal handling practices are one of the factors majorly affecting animal 
metabolism prior to slaughter. This phenomenon increases the occurrence of meat quality 
defects such as dark cutting-beef, causing high economical losses in the meat industry. 
Under this framework, the assessment of apoptosis onset in post mortem muscle was 
proposed as a novel approach to reveal biochemical characteristics in several Spanish bovine 
breeds (Asturiana de los Valles, Retinta and Rubia Gallega) managed under different 
production systems (intensive vs semi-extensive) and transport/lairage conditions (mixing 
vs not mixing with unfamiliar animals). To do so, the activities of initiator caspase 9 and 
executioner caspases 3/7 were determined in Longissimus thoracis et lumborum muscle at three 
early post mortem times (2, 8 and 24 h). 
RESULTS: Breed effect and transport/lairage conditions were the most relevant factors that 
influenced both caspase activities over post mortem time, showing Rubia Gallega breed a 
completely different behaviour compared to Asturiana de los Valles and Retinta breeds. 
Moreover, it is postulated that apoptosis cascade is initiated via the activation of caspase 9 
under hypoxic or metabolic stress followed by the activation of executioner caspases 3/7. 
CONCLUSIONS: Assessment of apoptosis on post mortem muscle can be a novel approach 
to study the influence of animal handling on muscle metabolism and post mortem cell death 
and its consequences on meat quality traits. 
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Caspases ● Cell Death ● Apoptosis ● Animal Management ● Bos taurus ● Meat Quality
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6.1 INTRODUCTION 
Over the years, meat quality research has 
been focused on the study of several 
proteolytic enzyme groups, physical state 
of myofibrillar proteins, fiber structure, 
intramuscular fat and other quality 
attributes such as color or water holding 
capacity 1 in order to understand meat 
tenderness over aging time. In this sense, 
the relevance of apoptosis processes was 
not considered until Herrera-Mendez et al. 
2 proposed cell death as one of the first 
events triggered during the conversion of 
muscle into meat. Since then, several 
researchers have focused on the study of 
metabolic responses associated with 
intrinsic hypoxia/ischemia that could 
contribute to post mortem proteolysis 
occurring during meat tenderization 3,4. 
However, these studies did not investigate 
any relationship that can occur between 
ante mortem factors influencing animal 
metabolism and post mortem cell death. 
Inadequate animal management prior to 
slaughter could trigger a stress response 
through the increase of hormone secretion 
(catecholamines, cortisol, adrenaline, etc), 
leading to the depletion of muscle 
glycogen reserves 5-7. This reduction of ante 
mortem glycogen storage will modify the 
glycolytic metabolism in post mortem 
muscle, resulting in less lactic acid 
production thus impairing a decrease of 
ultimate pH meat to normal values (≈ 5.5). 
This promotes the occurrence of several 
meat defects such as dark cutting or DFD 
(dark, firm and dry) meat that causes 
significant economic losses in the meat 
industry 8. Therefore, a careful study of 
ante mortem factors related to cattle (mainly 
breed, sex, age) and their handling 
procedures (mainly feeding systems, 
transportation, lairage and slaughter 
conditions) may ease the understanding of 
those biochemical pathways more related 
to meat quality traits.  
Caspases constitute a family of cysteine-
dependent peptidases that play an essen-
tial role in apoptosis (caspases 3, 6, 7, 8, 9, 
10 and 12) and inflammatory response 
system (caspases 1, 4, 5, 11 and 13). 
Apoptotic caspases can be further 
classified according to their point of entry 
into the cell death pathway: initiator 
caspases (caspases 8, 9 10 and 12) and 
executioner caspases (caspases 3, 6 and 7). 
These enzymes are mainly synthesized as 
inactive zymogens (pro-caspases), and 
internal and/or external stimuli initiate a 
series of controlled reactions that 
ultimately lead to cell death. The extrinsic 
pathway initiates apoptosis through the 
activation of extracellular receptors that 
will finally activate initiator caspase 8. 
Meanwhile, the intrinsic pathway is 
activated by internal stimuli (metabolic 
and/or hypoxic stress) leading to the 
permeability of the outer mitochondrial 
membrane, favouring cytochrome-C 
release and the formation of the caspase 9 
apoptosome complex 9,10. This activates 
executioner caspases 3 and 7 that will 
proceed with cell dismantling 11. Concern-
ing activation of these enzymes in relation 
to stress, previous studies have found a 
higher caspase 1 activity in mice when 
animals were stressed 12 and activation of 
caspase 3 in Zebrafish by heat shock in 
response to stress 13. In this line, some 
authors found a higher expression of the 
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caspase 3 large subunit in DFD beef 
samples at 24 h post mortem times 14.  
In the present study, and for the first time, 
the study of apoptosis as a way to 
understand the influence of pre-slaughter 
handling practices on biochemical muscle 
characteristics of several bovine breeds is 
proposed. The research investigated the 
activity of executioner caspases 3/7 and 
initiator caspase 9 over time (2, 8, and 24 h 
post mortem) in loin samples of three 
Spanish beef cattle breeds managed under 
different feeding systems (intensive vs 
semi-extensive) and transport/lairage 
(mixed vs non-mixed with unfamiliar 
animals) conditions. 
6.2 MATERIALS AND METHODS 
 
6.2.1 Animal handling 
A total of ninety (n = 90) male calves from 
three native Spanish bovine breeds were 
used: 29 Asturiana de los Valles (AV), 33 
Retinta (RE) and 28 Rubia Gallega (RG). 
Calves were reared under two different 
production systems, intensive (I) and 
semi-extensive (E), following the typical 
procedures of each region and breed. 
AV calves were suckled by their mothers 
under grazing conditions. They were 
weaned at 8 months of age and supple-
mented with concentrate ad libitum in 
winter period. At 10-12 months, calves 
were finished under one of the two 
systems for a period of 100 days until they 
were slaughtered at 13-15 months: (I) 18 
yearling bulls were managed indoors and 
fed 8  kg/head/day of concentrate and  2 
 kg/head/day of barley straw, and (E) 11 
yearling bulls were managed outdoors 
grazing and complemented with 3.5 
kg/head/day of concentrate. The concen-
trate was composed of 84% barley meal, 
10% soya meal, 3% fat, 3% minerals, 
vitamins and oligoelements, and pasture 
was mainly composed of ryegrass (Lolium 
perenne) and clover (Trifolium repens). 
RE calves were suckled by their mothers 
under grazing conditions until they were 
weaned at 6 months. Later, calves were 
reared under one of the two systems until 
they were slaughtered at 13-14 months: (I) 
13 yearling bulls were managed indoors 
and fed 8 kg/head/day of concentrate and 
 2  kg/head/day of barley straw, and (E) 20 
yearling bulls were managed outdoors 
grazing and complemented with 4.0 
kg/head/day of concentrate. The concen-
trate was composed of 51% corn meal, 34% 
barley meal, 8% soya meal, 3%fat, 4% 
minerals, vitamins and oligoelements, and 
pasture was mainly composed of ryegrass 
(Lolium perenne and Lolium rigidum) and 
clover (Trifolium repens). 
Management of RG calves was slightly 
different as they are commercially 
slaughtered at a younger age (10 months) 
compared to the other studied breeds. 
Under the intensive system (I), 12 RG 
calves were weaned at 1.5 months and 
managed indoors with concentrate and 
barley straw ad libitum. The other 16 RG 
calves (E) were suckled by their mothers 
under grazing conditions mainly perennial 
ryegrass (Lolium perenne) and white clover 
(Trifolium repens) and supplemented with 
3.5 kg/head/day of concentrate and barley 
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straw until 7 months. Then, they were 
finished with concentrate ad libitum for 100 
days. The concentrate was composed of 
40% corn meal, 28% barley meal, 21% 
toasted soybean flour, 4% palmist 
extraction flour, 2% palm oil, 2% calcium 
carbonate, 2% fatty acid calcium salt and 
1% sodium chloride.   
At the time of slaughter, animals were 
transported in a lorry with natural ventila-
tion and space allowance of 2.5 m2 per 
animal. Within each breed and production 
system, half of the animals were mixed 
with unfamiliar individuals during 
transport and further lairage at abattoir 
installations prior to slaughter (I: 8 AV, 7 
RE and 6 RG; E: 5 AV, 12 RE and 6 RG), 
whereas the other half were not mixed 
with other animals (I: 10 AV, 6 RE and 6 
RG, E: 6 AV, 8 RE and 10 RG). At arrival to 
the abattoirs, animals were located in 
lairage pens and were slaughtered 30 min 
after arrival to avoid additional stress.  
Animals were slaughtered in commercial 
abattoirs of each region following safety 
and welfare conditions according to 
European Union regulations (Council 
Regulation (EC) No 853/2004 and No 
1099/2009). The average carcass weights 
for each breed were 297.5 ± 59.1 kg for AV, 
314.5 ± 23.3 kg for RE and 244.9 ± 39.0 kg 
for RG.  
6.2.2 Sample collection 
At 2 h post mortem, approximately 30 g of 
Longissimus thoracis et lumborum (LTL) 
muscle sample was taken at 13th rib level 
from the left-half carcass of each animal. 
Subsamples of 10 g were immediately 
frozen in liquid nitrogen and stored in 
Falcon tubes at -80 °C until further 
analysis. The rest of muscle samples (20 g) 
were transported to the laboratory under 
refrigeration conditions (4 °C) and sub-
samples of 10 g were snap-frozen in liquid 
nitrogen and stored at -80 °C in Falcon 
tubes after 8 and 24 h post mortem time. 
At 24 h post mortem, ultimate pH measure-
ments (pHu) were taken at the 6th rib level 
using a penetration electrode (CRISON 
pH/mV-meter 506, CRISON Instruments 
SA, Spain). 
6.2.3 Extraction of sarcoplasmic 
proteins 
Half gram of each LTL muscle sampled at 
different post mortem times (2, 8 and 24 h) 
was homogenized in 2 mL of extraction 
buffer containing 10 mM HEPES, pH 7.5, 
0.1% v/v Brij 30%, 10% w/v sucrose, 1 mM 
EDTA and 1 mM PMSF using an Ika ultra-
Turrax device (Yellow Line Di 25 model, 
IKA®-Werke GmbH & Co. KG, Staufen, 
Germany). The homogenate was centri-
fuged at 20,000 x g for 20 minutes at 4 °C 
(Beckman Coulter Inc., Indianapolis, ID, 
USA), the supernatant filtered through 
0.45 µm PVDF syringe filter and stored at  
-80 °C until further analyses. 
6.2.4 Determination of caspase 9 and 
3/7 activities  
Sarcoplasmic protein extracts (50 µL) were 
poured each in a well of a 96-well 
microtiter plate followed by the addition of 
20 µL of a 24 mM DTT solution. Microplate 
was pre-incubated for 30 min at 37 °C and 
the enzyme reaction was initiated by 
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adding 50 µL of 0.1 mM of Ac-LEHD-AMC 
(caspase 9) or Ac-DEVD-AMC (caspases 
3/7) substrate dissolved in HEPES-CHAPS 
buffer (10% w/v sucrose, 100 mM NaCl,    
50 mM HEPES pH.7.5, 0.1% w/v CHAPS 
and 1 mM EDTA). Fluorescence intensity 
(expressed as Relative Fluorescence Units) 
was measured using a CLARIOstar 
microplate fluorometer (BMG LABTECH 
GmbH, Ortenberg, Germany) for 30 min at 
37 °C in 2 min intervals using excitation 
and emission wavelengths of 360 ± 15 and 
480 ± 20 nm, respectively. Three technical 
replicates were done for each assay.  
6.2.5 Statistical analysis 
Data were subjected to ANOVA using 
Linear Mixed Model procedures of SPSS 
statistical software (version 26.0, New 
York, USA) considering the individual 
animal as a subject and carcass weight as a 
covariate in the model. Caspase activity (9 
and 3/7) data were analyzed using breed, 
production system and transport as fixed 
factors and post mortem time as a repeated 
measure factor. Production system was 
nested within breed and transport was 
nested within production system and 
breed. For muscle pHu, the effect of post 
mortem time was excluded from the model. 
The parameters of the model were 
estimated using the restricted maximum 
likelihood method and the Huynh-Feldt 
matrix was selected for the repeated 
measures covariance structure following 
the Akaike information criterion. Additio-
nally, least square means of dependent 
variables for the levels of fixed factors 
breed and post mortem time were compared 
using the lest significant difference (LSD) 
test. Significance level was declared at         
P ≤ 0.05.  
6.3 RESULTS AND DISCUSSION 
Results of statistical significances of 
studied factors and binary interactions are 
reported in Table 1. The covariate (carcass 
weight) included in the mixed model did 
not affect significantly any of the variables 
studied (pHu and caspase activities; P > 
0.05) but it was maintained in the models 
as adjustments were improved. In the 
present study, all carcasses presented 
normal pHu values (below 5.9), but these 
values were significantly affected by breed 
(P ≤ 0.001) while the effects of the 
production system and transport type 
were not significant. RE breed showed 
significantly higher values (5.64 ± 0.12) 
compared to the other two breeds (5.49 ± 
0.06 for AV and 5.55 ± 0.14 for RG), and this 
could be related to its excitable 
temperament 15. In the present study, other 
indicators apart from pHu, have been 
considered to evaluate the biochemical 
characteristics of post mortem muscle and 
final meat quality. In this sense, 
measurements of caspase 9 and 3/7 
activities were considered as an interesting 
and innovative approach taking into 
account that animals suffering higher 
stressing conditions would yield higher 
apoptosis levels compared to animals 
managed under less stressful conditions. It 
is worth considering, however, that 
caspase 9 and 3/7 activities can vary 
depending on post mortem time. Therefore, 
these activities were evaluated at 2, 8 and 
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24 h post mortem to determine the caspase 
enzyme kinetics at early post mortem times 
as a key factor to better understand the 
biochemical characteristics of meat on the 
considered bovine breeds. 
Table 1. Statistical significances of studied factors and binary interactions. 
Effects and interactions pHa Caspase 9 Caspases 3/7 
Breed *** * ns 
Prod. system(Breed) ns ns ns 
Transport(Prod. system(Breed)) ns ns ** 
PM Time - * * 
PM Time x Breed - *** *** 
PM Time x Prod. system(Breed) - ns ns 
PM Time x Transport(Prod. system(Breed)) - * ** 
* P ≤ 0.05; ** P ≤ 0.01; *** P ≤ 0.001; ns, not significant (P > 0.05). 
a Post mortem (PM) time was not included as split plot factor in the mixed model. 
The activity of caspase 9 was significantly 
affected by breed (P ≤ 0.05) and post mortem 
time (P ≤ 0.05). However, evolution of 
caspase 9 activity over time depended on 
breed (P ≤ 0.001) and the transport utilized 
within each production system and breed 
(P ≤ 0.05; Table 1). In Figure 1, the 
interaction between breed and post mortem 
time on caspase 9 activity has been 
depicted. In RG breed, a different behavior 
of caspase 9 activity over time can be 
clearly observed, showing significantly 
higher activities at 2 h and lower activities 
at 24 h post mortem compared to AV and RE 
breeds. Intermediate and statistically not 
different values among breeds were 
observed at 8 h post mortem. It is assumed 
that caspases are activated immediately 
after animal exsanguination, showing the 
highest activity values at early post mortem 
times and then decreasing over time 2,3,16-18. 
In this sense, as previously reported in the 
literature 19-21, this pattern was only 
observed in RG breed. In contrast, the low 
caspase 9 activity observed in RE and AV 
breed at early post mortem times could be 
indicative of higher stress levels reached 
before slaughter. This would trigger 
activation of other cell defense mecha-
nisms such as synthesis of heat shock 
proteins (HSPs), which has been widely 
described for their anti-apoptotic role 22,23. 
They interact with active caspases hinder-
ing their function and, consequently, slow 
down the cellular death process. This 
could explain the lower levels of caspase 9 
activity determined early post mortem for 
RE and AV. In the scientific literature, 
breed effect and its relation to excitable 
temperament and stress susceptibility has 
been reviewed for several species 24 and 
previously reported for RE breed 15, but 
there is no information available concern-
ing the non-aggressive behavior described 
of AV and RG 25,26. Low caspase 9 activity 
in AV breed can be explained considering 
that it is a double muscle breed 27 caused 
by myostatin gene mutation, giving rise to 
an increase in the number of muscle fibers. 
Hypertrophied animals may be more 
susceptible to stress for their regularly 
limited mobility and reduced muscle 
capillary density, myoglobin content and 
lung weight as compared to normal 
cattle28. In this line, other authors also 
found the same caspase pattern in 
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callipyge lambs 18, showing low caspase 
activity at early post mortem times and then 
increasing over time reaching the 
maximum at 24 h. In any case, further 
research would be necessary to under-
stand the different behavior of caspase 9 
activity between breeds and their 
relationship with stress events. 
  
Figure 1. Interaction between breed and post mortem time factors for caspase 9 activity. Least square 
means and standard error of the means have been represented. Different capital letters indicate 
significant differences among breeds and different lower case letters indicate significant differences 
among post mortem times (P ≤ 0.05). ●, Asturiana de los Valles; □, Retinta; ■, Rubia Gallega. 
The interaction between transport/lairage 
and post mortem time effects has been 
depicted in Figure 2. While AV and RE 
breeds behaved with a similar increasing 
pattern over time and no differences 
between mixed and non-mixed animals 
(Figure 2A and 2B), a very different 
pattern was observed for RG breed (Figure 
2C), reinforcing the idea of the prepon-
derant role played by bovine breed in 
caspase activity. Initially (2 h), RG breed 
yielded slightly higher caspase activity 
values compared to the other breeds, but 
with no differences between mixed and 
non-mixed animals, after that, differences 
were significant between mixed and non-
mixed animal groups (8 h and 24 h). In RG 
breed, behavior of non-mixed animals 
followed a similar pattern than that 
already shown in Figure 1 for this breed. In 
contrast, mixed animals behaved 
differently reaching the highest caspase 
activity at 8 h post mortem. This would be 
explained considering the protective 
action exerted by HSPs that may delay 
apoptosis process over post mortem time. It 
is recognized that transport is one of the 
most stressful events that influence bovine 
animals through the meat production 
chain due to loading/unloading, duration 
of transport, temperature, feed/water 
deprivation, noise, vibration, social 
regrouping and unfamiliar conditions 7,29. 
Mixing of unfamiliar animals prior to 
slaughter can considerably upset group 
hierarchy, thus promoting the occurrence 
of behavioral stress 5 and leading to muscle 
glycogen depletion 30. However, as already 
indicated, in the present study transport 
and lairage conditions did not affect meat 
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Figure 2. Evolution of caspase 9 activity over post mortem time as related to transport/lairage for mixed 
(○) and non-mixed (●) animal groups in each studied breed: A) Asturiana de los Valles; B) Retinta, and 
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The activity of caspases 3/7 was 
significantly affected by transport (P ≤ 
0.01) and post mortem time (P ≤ 0.05). 
However, the evolution of caspase 3/7 
activity over time depended on breed (P ≤ 
0.001) and on the transport utilized within 
each production system and breed (P ≤ 
0.01; Table 1). The binary interaction 
between breed and post mortem time effects 
has been depicted in Figure 3. The 
different behavior of caspase 3/7 activity in 
RG compared to the other breeds (AV and 
RE) can be clearly observed. Caspase 3/7 
activity values of RG breed were 
significantly different for all post mortem 
times (2, 8 and 24 h) compared to the other 
two breeds that were similar to each other. 
At 2 and 8 h post mortem, caspase 3/7 
activity was the highest in RG breed, while 
at 24 h was the lowest. It is worthwhile 
mentioning the differences in animal age at 
slaughter, as RG were younger (10 
months) than the rest of the animals (13 to 
15 months). This fact could also explain, at 
least partially, the differences found in the 
post mortem muscle metabolism. In this 
line, Zhu et al. 31 reported that several 
apoptotic mechanisms, including caspase 
3 activation, were more pronounced in 
younger rat brains as compared to more 
mature developmental states after 
induction of cerebral hypoxia-ischemia. 
When comparing both executioner caspase 
3/7 and initiator caspase 9 activities, they 
showed a similar breed-dependant pattern 
although caspases 3/7 seemed to be 
slightly less sensitive, not being able to 
discriminate among breeds at 24 h post 
mortem. This could be explained consider-
ing that caspases 3/7 are involved in the 
last step of signalling caspase cascade, 
giving rise to a higher residual activity 
compared to caspase 9. 
  
Figure 3. Interaction between breed and post mortem time factors for caspase 3/7 activity. Least square 
means and standard error of the means have been represented. Different capital letters indicate 
significant differences among breeds and different lower case letters indicate significant differences 
among post mortem times (P ≤ 0.05). ●, Asturiana de los Valles; □, Retinta; ■, Rubia Gallega. 
The interaction between transport/lairage 
and post mortem time for each breed is 
depicted in Figure 4. As for caspase 9, AV 
and RE breeds behaved with a similar 
increasing pattern over time, with no 
differences between mixed and non-mixed 
animals (Figure 4A and 4B), whereas a 
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breed (Figure 4C). At 2 h post mortem, 
caspase 3/7 activity values for RG breed 
were notably higher compared to the other 
breeds with no differences between mixed 
and non-mixed animals. However, at later 
post mortem times (8 and 24 h) differences 
were significant between mixed and non-
mixed animal groups (Figure 4C), yielding 
again differences between breeds as 
observed for caspase 9. 
 
Figure 4. . Evolution of caspase 3/7 activity over post mortem time as related to transport/lairage for mixed 
(○) and non-mixed (●) animal groups in each studied breed: A) Asturiana de los Valles; B) Retinta, and 
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Several studies have described the effect of 
handling practices on meat characteristics 
24,32,33 and some of them have reported 
differences on caspase 3 expression 
patterns between normal and DFD 
samples, finding higher caspase 3 
regulation levels in DFD samples at 24 h 
post mortem 14. However, no studies have 
been previously reported concerning the 
relationship between caspase activity and 
stress-related factors. From our study we 
hypothesized that, depending on the 
external stimulus affecting animals before 
slaughter, different caspase activation 
responses could be triggered. In this 
regard, our work suggests that the intrinsic 
apoptotic pathway responding to stress 
and physiological damage may be the 
preferred mechanism to initiate the 
proteolytic cascade through the formation 
of the caspase 9 apoptosome complex. 
6.4 CONCLUSIONS 
Results obtained in the present work 
showed that levels of caspase activity over 
post mortem time greatly depends on breed 
and transport/lairage procedures, while 
production system played little effect. The 
behavior of Rubia Gallega breed over the 
studied post mortem period (2 to 24 h) was 
significantly different as compared to 
Asturiana de los Valles and Retinta breeds, 
being further research necessary to 
understand the evolution of both caspase 
activities in each breed. Caspase activity 
determinations were able to discriminate 
among breeds at both 2 and 24 h post 
mortem, especially between those breeds 
behaving differently (Rubia Gallega vs 
Asturiana de los Valles and Retinta). 
Moreover, enhanced sensitivity of caspase 
9 activity at 24 h post mortem with respect 
to caspases 3/7 would indicate its 
preferable use as an indicator capable to 
detect breed and transport differences 
influencing animal meat characteristics. 
This innovative approach could be an 
interesting tool to improve assessment of 
meat quality in the industry. However, 
future research is necessary to fully 
address the prediction of stressful 
situations negatively influencing muscle 
metabolism and meat quality through 
assessment of either caspase 8 or 9 activity 
as the main contributors of the extrinsic 
and intrinsic apoptotic pathway, 
respectively.  
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BACKGROUND: Pre-slaughter stress can lead to the well-known ‘dark cutting’ defective 
meats characterized by a high ultimate pH (pHu) in cattle, causing high economical losses 
in the meat industry. Therefore, the study of biochemical mechanisms related to animal 
stress response is a fact that needs to be addressed. The aim of this work was to determine 
caspase 9 and 3/7 activities in high and normal pHu muscle samples at 24 h post mortem as a 
way to reveal stress situations in different Spanish local breeds and crossbred animals. 
RESULTS: Either breed or pHu factors had an effect in both caspase activities, showing the 
high pHu group the highest caspase activity independently of the studied breed. In contrast, 
activity levels among breeds were slightly different for each caspase and between the high 
and normal pHu group in the case of caspase 3/7. 
CONCLUSIONS: Overall, this study clearly demonstrated that caspase activity can be a 
good indicator to detect stress situations that might lead to defective high pHu meats. 
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7.1 INTRODUCTION 
During the last decades, meat industry has 
moved towards the production of animals 
that are efficient feed converters, fast-
growing and have high lean meat content 
with minimum production costs. This can 
negatively influence animal welfare and 
animals’ stress status in relation to non-
adequate animal handling practices, and 
consequently, increasing the appearance of 
meat quality defects such as dry, firm and 
dark (DFD) or ‘dark-cutting’ meat 1,2. DFD 
meats are associated with any factor that 
lead to the depletion of muscle glycogen 
reserves prior to slaughter in reaction to 
acute stress. This causes the reduction of 
the substrate availability and modifies post 
mortem glycolytic metabolism, resulting in 
less lactic acid and high ultimate pH 
(pHu)3,4. In cattle, dark-cutting or high 
pHu meats cause consumers’ rejection due 
to undesirable flavor, altered tenderness 
and short shelf-life 5-7. This has a cost of 
around 55 and 20 million dollars per 
annum for Australian 8 and British 5 
industry, respectively. Taking in mind its 
implications in terms of food quality and 
safety, but also in economic benefits for 
meat industry, an appropriate assessment 
of reliable indicators of pre-slaughter 
stress is currently necessary.  
Measurement of pHu is the most common 
indicator for establishing the incidence of 
DFD meats since it is directly related to 
animals’ pre-slaughter stress (PSS) 9,10. 
However, usefulness of pHu assessment is 
compromised since high values do not 
necessarily certify the occurrence of true 
DFD meats 1. New insights addressing the 
search of new stress indicators are needed 
to understand biochemical mechanisms 
underlying PSS condition and to overcome 
uncertainties from classic pHu determina-
tions in meat 1. In this line, Fuente-Garcia 
et al. (2020)11 proposed, for the first time, 
the study of caspase activity over post 
mortem time as a way to understand the 
influence of pre-slaughter handling 
practices (feeding system and transport/ 
lairage conditions) on the stress status of 
several bovine breeds. Caspases constitute 
a family of cysteine dependent peptidases 
that are mainly synthesized as inactive 
zymogens (pro-caspases); however under 
internal (metabolic and/or hypoxic stress) 
and/or external stimuli they initiate a series 
of controlled reactions that ultimately lead 
to cell death 12-14. They can be classified 
according to their point of entry into the 
cell death pathway as: a) initiator caspases 
(caspases 8, 9 10 and 12) and b) executioner 
caspases (caspases 3, 6 and 7). Previous 
studies have also associated the activation 
of these enzymes with stress situations 
reporting higher caspase 1 activity in 
stressed mice 15 and activation of caspase 3 
in Zebrafish in response to heat stress 16. In 
bovine cattle, Diaz et al. (2020) 17 found a 
higher expression of the caspase 3 large 
subunit in DFD beef samples at 24 h post 
mortem.  
Our main goal was to study the activity of 
initiator caspase 9 and executioner 
caspases 3/7 from both high and normal 
pHu loin samples of different Spanish 
cattle breeds and crossbreeds animals at 
early post mortem times (24 h). This would 
be useful to understand the influence of 
pre-slaughter stress responsible of high 
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pHu meats and to be an early predictor of 
this condition in bovine cattle. 
7.2 MATERIALS AND METHODS 
 
7.2.1 Sample collection 
In this work, a total of sixty-three (n = 63) 
beef samples were obtained from different 
Spanish local breeds: Asturiana de los 
Valles (AV, n = 18), Retinta (RE, n = 14) and 
Rubia Gallega (RG, n = 11). Additionally, 
another twenty samples (n = 20) were 
collected from crossbred (CB) animals 
(Asturiana de los Valles x Friesian). Male 
calves were handled in accordance with 
Directive 2010/63/EU (2010) and 
slaughtered at their 14-15 (AV, RE and CB) 
or 10 (RG) months of age in commercial 
abattoirs of each region following safety 
and welfare conditions according to 
European Union regulations (Council 
Regulation (EC) No 1099/2009).   
At 24 h post mortem, approximately 10 g of 
Longissimus thoracis et lumborum (LTL) 
muscle sample were excised at 13th rib level 
from the left-half carcass of each animal, 
immediately frozen in liquid nitrogen and 
stored in Falcon tubes at -80 °C until 
further analysis. Muscle samples were 
sorted into two different groups according 
to their pHu values: ‘high’ pHu samples (9 
AV, 10 CB, 7 RE and 5 RG) having pHu 
values higher than 5.9. The rest of samples 
were classified as ‘normal’ samples (9 AV, 
10 CB, 7 RE and 6 RG) showing pH values 
below 5.9. The pHu measurements were 
done at the LTL muscle of the 6th rib level 
at 24 h post mortem using a penetration 
electrode (CRISON pH/mV-meter 506, 
CRISON Instruments SA, Spain). 
7.2.2 Extraction of sarcoplasmic 
proteins 
Protein extraction was carried out as 
described Fuente-Garcia et al. 18. Briefly, 
half gram of each type of meat sample 
(high and normal pHu), was homogenized 
in 2 mL of extraction buffer (10 mM 
HEPES, pH 7.5, 0.03 % v/v Brij 35®, 10 % 
w/v sucrose, 1 mM EDTA, 1 mM PMSF) 
using an Ika ultra-Turrax device (Yellow 
Line Di 25 model, IKA®-Werke GmbH & 
Co. KG, Staufen, Germany). The 
homogenate was centrifuged at 20,000 g 
for 20 minutes at 4 °C (Beckman Coulter 
Inc., Indianapolis, ID, USA), the 
supernatant filtered through 0.45 µm 
PVDF syringe filter and stored at -80 °C 
until further analyses. 
7.2.3 Fluorogenic determination of 
caspase 9 and 3/7 activities 
It was performed following the procedure 
proposed by Fuente-Garcia et al. 18. Briefly, 
each sarcoplasmic protein extract (50 µL) 
was poured in each well of a 96-well 
microtiter plate followed by the addition of 
20 µL of a 24 mM DTT solution. Microplate 
was pre-incubated for 30 min at 37 °C and 
the enzyme reaction was initiated by 
adding 50 µL of 0.1 mM of Ac-LEHD-AMC 
(caspase 9) or Ac-DEVD-AMC (caspases 
3/7) substrate dissolved in HEPES-CHAPS 
buffer (10 % w/v sucrose, 100 mM NaCl, 50 
mM HEPES pH.7.5, 0.1 % w/v CHAPS and 
1 mM EDTA). Fluorescence intensity 
(expressed as Relative Fluorescence Units) 
was measured using a CLARIOstar 
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microplate fluorometer (BMG LABTECH 
GmbH, Ortenberg, Germany) for 30 min at 
37 °C using excitation and emission 
wavelengths of 360 ± 15 and 480 ± 20 nm, 
respectively. Three technical replicates 
were done for each assay. 
7.2.4 Statistical analysis 
The General Linear Model of ANOVA was 
used to determine whether the presence or 
absence of significant differences (P ≤ 0.05) 
in the caspase activity (9 and 3/7) at 24 h 
post mortem. Caspase activities were 
analysed using breed (Asturiana de los 
Valles, crossbreed, Retinta and Rubia 
Gallega) and pHu (high and normal pHu 
meat samples) as fixed factors. Normality 
and homoscedasticity of the variables were 
checked. Additionally, least square means 
(LSD) of dependent variables for the levels 
of breed and pHu fixed factors were 
compared using the LSD test and results 
were represented in box-plots. Significance 
level was declared at P ≤ 0.05. Statistical 
analyses were performed using SPSS 
statistical software (version 25.0, New 
York, USA). 
7.3 RESULTS AND DISCUSSION 
Determination of meat pHu is critical for 
meat industry since authorities worldwide 
consider that values beyond 6.0 at 24 h post 
mortem are intimately associated to 
animals suffering PSS condition and 
occurrence of DFD meats 9,10,19. Thus, other 
indicators such as caspase 9 and 3/7 
activities were considered in order to relate 
them to changes in pHu values, and then, 
to evaluate their ability to explain stress 
situations. It is well-known that animals 
suffering higher stress levels would reach 
higher apoptosis levels compared to 
animals managed under less stressful 
conditions 15,16. In our previous studies, we 
reported that caspase activity varied 
depending on post mortem time, being 24 h 
post mortem the most accurate period 
capable to discriminate among samples 
collected from several breeds managed 
under different feeding and transport/ 
lairage conditions11.  
Results of statistical significances of 
studied factors and binary interactions are 
reported in Table 1. In general, the activity 
of both caspases was affected by breed (P ≤ 
0.001) and pHu (P ≤ 0.001), and the 
behaviour of both caspases was quite 
similar as observed in Figures 1A. and 2. 
However, there was an interaction 
between breed and pHu for caspase 3/7 
activity (P ≤ 0.001). 
Table 1. Statistical significances of studied factors and binary interactions. 
Fixed effects and interactions Caspase 9 Caspase 3/7 
Breed *** *** 
pHu *** *** 
Breed x pHu ns *** 
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Regarding the effect of breed on caspase 9 
activity at 24 h post mortem (Figure 1B.), AV 
showed a significantly higher caspase 
activity compared to CB and RG (P ≤ 0.05), 
while intermediate activities where 
observed for RE breed (P > 0.05). Observed 
activity data variability was also higher in 
AV breed, with highest maximum and 
lowest minimum activities, compared to 
other breeds. These results are partially in 
accordance to those reported by Fuente-
García et al. (2021) 11, where AV and RE 
breed showed significantly higher caspase 
9 activities at 24 h post mortem compared to 
RG breed. The higher caspase 9 activity in 
AV and RE at 24 h post mortem could be 
indicative of higher stress levels reached 
before slaughter. Some studies have 
reported the relationship between breed 
excitable temperament and stress 
susceptibility on these breeds 1. While RE 
breed has widely described as tempered 
breed giving rise to high stress levels 20, AV 
and RG breed have been considered non-
aggressive breeds 21,22. It must noteworthy 
to mention that AV breed is known such as 
double-muscle or hypertrophied breed 23 
and in this respect it has been considered 
more susceptible to stress due to their 
regularly limited mobility and reduced 
muscle capillary density as compared to 
normal cattle 24. Concerning the effect of 
pHu, significantly higher caspase activity 
at 24 h post mortem was observed in high 
compared to normal pHu meat samples 
(Figure 1C.). Although there are not 
studies that analyse caspase 9 activity in 
relation to meat pHu, results would be 
comparable to those reported for caspase 
3/7 activity. In this regard, some authors 
have revealed differences in caspase 3 
regulation levels between normal and high 
pHu samples, reporting high expression of 
caspase 3 large subunit in high compared 
to normal pHu meat samples at 24 h post 
mortem 17. Meanwhile, Fuente-García et al. 
(2019, 2021) 25,26 reported that some heat 
shock proteins (HSPs) corresponding to 
alpha-crystallin B and heat shock protein 
beta-1 and beta-6, were over abundant in 
high pHu meat samples. This finding 
seems to be in accordance with the fact that 
stress can induce the synthesis of HSPs 
that may delay the apoptosis process over 
post mortem time. Taking into account that 
caspase activation occurs immediately 
after animal exsanguinations and then 
decreasing over time, the idea of anti-
apoptotic role exerted by heat shock 
proteins is becoming stronger. 
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Figure 1. Box-plot with upper and lower whiskers representing the effect of (A) breed and meat pHu 
interaction (□ normal pHu meat samples; ■ high pHu meat samples) (B) breed and (C) meat pHu on 
caspase 9 activity at 24 h post mortem. Different letters indicate significant differences among breeds (P ≤ 
0.05).
As for caspase 9 activity, the activity of 
caspase 3/7 was significantly higher in meat 
samples with high compared to meat 
samples with normal pHu in all studied 
breeds (P ≤ 0.05) (Figure 2). However, this 
pattern was quite different in RE breed 
with strong differences in caspase 3/7 
activity between normal and high meat 
samples, reinforcing again the idea of the 
major role played by bovine breed in 
caspase activity. In this sense, as previously 
indicated, it has been described the 
aggressive behaviour and stress 
susceptibility of RE breed 20 compared to 
AV and RG breed that are similar to each 
other 21,22. On the other hand, overall, 
crossbred animals showed the lowest 
caspase levels, in normal and high pHu 
meat samples, which could be related to the 
increased resilience to stress susceptibility 
of these animals. In this sense, some 
authors pointed out that crossbred animals 
yielded a better response to environmental 
changes and stressors compared to the 
pure breeds 27,28. In terms of variability in 
activity, in general this was similar in both 
types of meat samples (normal and high 
pHu) for all studied breeds except for RG 
breed where activity variability was greater 
in high pHu meat samples (comparable to 
AV breed) compared to normal samples. 
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understand the influence of breed on 
caspase 3/7 activity.
 
Figure 2. Box-plot with upper and lower whiskers representing the effect of breed and meat pHu on 
caspase 3/7 activity. Different lower case letters indicate significant differences among breeds in meat 
samples with normal pHu, and different capital letters indicate significant differences among breeds in 
meat samples with high pHu. Asterisks represent differences between the normal (□) and high (■) pHu 
meat samples for each studied breed.  * P ≤ 0.05; ** P ≤ 0.01; *** P ≤ 0.001 
7.4 CONCLUSIONS 
Overall, these results confirm that both 
caspase 9 and 3/7 activities were 
significantly higher in meat samples with 
high compared to normal pHu, 
independently of the studied breed and 
demonstrating that caspase activity 
measured at 24 h post mortem can be a good 
indicator of high pHu meat samples. 
However, differences among breeds vary 
in each studied caspase and are dependent 
on pHu in the case of caspase 3/7. 
Crossbred animals and Rubia Gallega 
breed showed lower and intermediate 
values, respectively, for both caspase 
activities and studied pHu groups as 
compared to other two breeds. However, 
Asturiana de los Valles and Retinta breeds 
showed slightly different activity levels for 
each caspase and between high and 
normal pHu group in the case of caspase 
3/7. In this regard, further research is 
necessary to better understand how the 
behaviour of each breed can affect the 
activity of studied caspases.  
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